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Abstract 
Samples of suspended particulate matter (SPM) and sediment were collected from the 
Humber coastal zone during six seasonal and inter-annual surveys (November 1993 - July 
1995) on board RRS Challenger as part of the NERC Land Ocean Interaction Study 
(LOIS) initiative. Concentrations ofNi, Zn, Fe and Mn, extracted using a 1M HCl digest, 
were determined by atomic absorption spectrometry techniques. Particulate Ni and Zn 
both exhibited a pronounced seasonal distribution in the Humber coastal zone. Significant 
metal-salinity relationships were obtained for both metals indicating the Humber Estuary 
to be a significant source of NiP and Zfip to the region. Metal distributions in the coastal 
zone were influenced by residual flow and tidal range at the mouth of the estuary, as well 
as wind speed and direction. Estimated fluxes of dissolved and particulate Ni and Zn from 
the Humber mouth to the North Sea indicated significant seasonal variation for both metals 
(17-290 kg day-1 Ni; 34-1737 kg day-1 Zn) and identified transport in the particulate phase 
dominant in autumn/winter (61-82 % Ni; 68-92 % Zn) but less significant in 
spring/summer (2-41 % Ni; 15-72 % Zn). Comparison to estuarine inputs suggested 
retainment of Ni and Zn within the Estuary. In the Humber mouth and throughout the 
Plume NiP and Zfip concentrations significantly correlated to FeP suggesting uptake onto 
Fe-oxyhydroxide phases was important. Trace metal settling velocities indicated a 
significant seasonal variation in the settling ofNi (<1-163 J..lm s-1) and Zn (2-218 1..1m s·1) 
with these metals generally settling slower than the average SPM in winter but at the same 
rate in spring. Particle-solute interactions of Ni and Zn, investigated using the 
radioisotopes 63Ni and 65zn, indicated significant variation in metal partitioning (Kd) for 
the SPM end-members of the Humber coastal zone with Ni Kd's varying from 6.7 x 102 
for Holdemess Cliff material, to 13.0 x 102 for estuarine SPM and up to a maximum of 22 
x 102 during spring/summer phytoplankton blooms. These results provide the basis of a 
consistent seasonal data base of trace metal distributions within the Humber coastal Zone 
which will substantially contribute to the development and parameterization of a fine 
sediment transport model for trace metal contaminants in coastal zones. 
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Chapter 1 -Introduction. 
1.1. Contamination in North Sea Coastal Waters. 
The North Sea has been a focus of concern regarding the potential effects of contaminants 
introduced from the industrialised countries along its coastline on its ecosystem for a long 
time (Salomons et al., 1988). In the past the North Sea was considered a convenient 
recipient and effective disperser of dumped industrial and sewage wastes however the 
declining health of the North Sea reflected its inability to tolerate an overwhelming 
anthropogenic burden (Salomons et al., 1988). Pollution prevention of the north east 
Atlantic, encompassing the North Sea, was therefore the objective of two conventions 
introduced in the early 1970's, the Oslo and Paris Conventions, relating to offshore 
dumping and land-based discharges respectively (Grogan, 1985). In more recent times 
pressure from environmental groups and adverse publicity called for more immediate and 
effective remedial action and at the Second International Conference on the Protection of 
the North Sea (Scientific and Technical Working Group, 1987) Ministers agreed to 
drastically reduce the inputs of dangerous substances to the North Sea (Ministerial 
Declaration, 1987). This instigated the UK to commission the North Sea Community 
Project (NSCP) sponsored by the National Environmental Research Council (NERC). The 
aims of the NSCP ( 1987-1992) were to produce seasonal and process models of the North 
Sea in order to predict the impact of contaminants on this semi-enclosed sea. Out of this 
came the first major database recorded in the form of a CD ROM (Lowry et a/, 1992). 
More recently however the Land Ocean Interaction Study (LOIS) has been initiated in the 
UK. Specifically the principal objectives of LOIS were for innovative studies to be 
undertaken to investigate the dynamic properties of the land and ocean boundaries to the 
North Sea. Primarily this was to determine how materials are transformed and transported 
within river catchments and at the land-ocean interfaces, and how these processes affect 
shelf sea ecology and water quality as well as coastal morphodynamics. Of the 
contaminants entering the North Sea trace metals are of particular concern because of their 
persistence, toxicity and accumulation in the aquatic food chain (Bryan, 1984; Karbe et al., 
1988; Langston, 1990) and their accelerated release to the hydrosphere through 
anthropogenic inputs (Salomons and Forstner, 1984). This study selectively focuses on the 
metals Ni and Zn which are of notable concern in the marine environment due to their 
particle reactivity (Tessier et al., 1984; Jackson and Bistricki, 1995), toxicity (Doll et al., 
2 
1990) and biological reactivity (Riso et al., 1993; Hudson and More!, 1993; More! et al., 
1994) and aims to fulfil the objectives of LOIS by investigating their transport across the 
dynamic estuarine-coastal interface in order to assess their contaminant impact on the 
North Sea. 
1.2. The Study Area. 
1.2.1. The Humber- Tweed Coastal Zone. 
The study area selected for the LOIS project was the north-east coast of the UK extending 
from the Humber-Wash coastal zone in the south to the mouth of the Tweed estuary in the 
north (Figure 1.1.). This stretch of coastline encompasses the plumes of a number of 
major UK estuaries which discharge freshwater into the Western North Sea. A summary 
of the mean flow rate, catchment area and sediment flux of each of the estuaries along the 
north-east coast of the UK is given in Table 1.1. 
Table 1.1. Mean flowrate of the main estuaries within the LOIS coastal zone# 
Estuary Mean Flowrate Catchment Sediment Flux 
(m3s-1) (km2) (x 104 t a·1) 
Tweed 41 4390 4.2 
Tyne 33 2418 2.6 
Wear 12 1008 1.3 
Tees 12 1460 1.8 
Humber 284 25000 12.6 
#Data taken from Williams (1995). 
There are significant differences in the physical parameters of each the estuaries included 
in the table however the Humber is the most outstanding of all the estuaries due to its large 
mean flow rate of 284 m3s-1, providing the greatest single source of freshwater from the 
UK into the North Sea, and catchment area of approximately 25,000 km2, which is 
inhabited by 20 % of the UK population and is the largest catchment area in the UK 
(Edwards et al., 1987). The Tweed Estuary has the second highest mean flow rate of the 
north-east coast estuaries however in contrast to the Humber, whose catchment includes 
the heavily industralised areas of the Midlands and South Yorkshire, the Tweed has a 
sparsely populated catchment area with little industry (Laslett, 1995) and is generally 
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Figure 1.1. Map of the LOIS coastal zone, encompassing the Humber, Tees, Tyne and 
Tweed estuaries. 
regarded as a relatively pristine estuary. The Tyne, Tees and Wear estuaries all have 
predominantly industrial catchments and the physical aspects of their outflows, along with 
the Humber, were described and parameterized by Lewis (1990). The Tees, Tyne and 
Wear Plumes exhibit vertical stratification in the coastal waters of the North Sea, however 
these plumes are only of very local significance, as their inherent freshwater discharges 
and estuarine inter-tidal volumes are small (Turner, 1990). In contrast, the shallow, 
dynamic and macrotidal environment of the Humber Estuary and adjacent coastal waters, 
coupled with a large freshwater flow results in a well-mixed plume of considerable extent. 
A region of minimal dilution for contaminants up to 9 km from the entrance to the 
Humber Estuary has been estimated on a spring tide for the Humber Plume (Lewis, 1990). 
This variation in the extent of the Tees, Tyne and Humber Plumes is clearly illustrated in 
the salinity distribution of the north-east coast shown in Plate 1.1. for winter 1993. Due to 
the impact and significance of the Humber Estuary and it' s associated plume along this 
coastline and the complex confluence of particle sources within this region (see section 
1.2.2.2.) the main focus of the studies undertaken in this thesis to investigate trace metal 
processes will concentrate on the Humber-Wash coastal zone, although monitoring of trace 
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Plate 1.1. Salinity plot of the north east coast of England, taken during winter/93, illustrating the outflow of low salinity water from the Humber, 
metal concentrations throughout the Humber-Tweed coastal track will be undertaken. The 
next section, therefore, discusses in detail the freshwater sources, particle dynamics and 
trace metal inputs into the Humber-Wash coastal zone. 
1.2.2. The Humber-Wash Coastal Zone. 
For the purposes of this study, the Humber-Wash coastal zone is defmed as the coastal 
waters where freshwater influence is essentially dominated by discharges from the Humber 
Estuary. As the extent of the Humber Plume varies considerably and frequently extends as 
far as the coast of Norfolk, the Wash embayment has been included in this study region as 
have the Holderness Cliffs to the north of the estuary. Sampling stations therefore fall 
between the latitudes 52.4 °N and 54.0°N, and longitudes 0.0° and 2.4°E, where this area is 
navigable by larger vessels. Further details of the Humber-Wash coastal zone sampling 
track are given in Section 2.1.1.1.and Figure 2.1. 
1.2.2.1. Freshwater Sources. 
The mam freshwater source to the Humber coastal zone is the Humber Estuary. 
Freshwater sources to the River Humber include the rivers Trent and the Ouse, the latter 
being composed of five tributaries; the Yorkshire Ouse, Wharfe, Derwent, Aire and Don. 
The river Hull is the only major river which discharges directly into the estuary 
(Zwolsman, 1994). The Estuary itself extends over 62 km from the confluence of the 
Trent and Ouse, it's two main tribuaries, at Trent Falls to Spurn Head, the point at which it 
enters the North Sea. The estuary is macrotidal with a mean tidal range at lmmingham of 
5 m, varying from 2 m to more than 7 m at extreme neap and spring tides, respectively. 
The average tidal excursion in the Humber is about 15 km but this reduces sharply 
riverward of Trent Falls (Morris, 1988). The average freshwater discharge is highly 
variable but ranges for 90 % of the time between 60 m3s-l and 450 m3s-1 at an average of 
246 m3s-1 although rates of 1550 m3s-1 have been attained during typical high flood 
conditions (Denman, 1979). The flushing time of the estuary is estimated to be up to 40 
days (Gameson, 1982). 
The Wash is a relatively shallow, macrotidal embayment (the average tidal range is 6.5 m 
on springs and 3. 6 m on neaps, Coli ins et al., 1981) representing the unfilled part of a 
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large depression cut into Jurassic clays by fluvial and glacial action (Evans and Collins, 
1975). The area draining into the Wash is one of generally low relief covering an area of 
12500 km2 and includes the flat, artificially drained agricultural region of the Fenland 
(Wilmot and Collins, 1981). Freshwater to the Wash is supplied by four rivers in the 
interior part of the embayment. These rivers include the Great Ouse, the Nene, the 
Welland and the Witham and their mean annual discharges are 18.5 m3s-I, 6.9 m3s-1, 1.5 
m3s-1 and 20 m3s-1, respectively (Zwolsman, 1994). The freshwater discharge volume of 
the Wash is therefore almost negligible compared to that of the Humber Estuary. Salinity 
levels in the Wash range from 18-26 near the river outfalls to 34 at the mouth (Morris and 
Alien, 1993). Tidal current speeds typically range from 20 to 60 cm s-1 (Collins et al., 
198I) and the residence time of the water in the Wash is in the order of I 00 days 
(Zwolsmann, 1994). 
1.2.2.2. Particle Dynamics. 
The Humber is a highly turbid estuary with strong tidal currents supporting a dynamic 
sediment system. The waters of the estuary generally contain high suspended particulate 
matter (SPM) concentrations, typically in the range of I 0-5000 mg J-1 (Gameson, 1982), 
which increase with depth and vary in response to tidal energy cycles and season. 
Freshwater inputs from the Ouse and Trent supply 2 x I05 t year1 of suspended sediment 
to the upper estuary (Wilmot and Collins, 1981) and the dumping of dredged spoil to the 
lower Humber amounted to 5 x J06 t of dried solids in 1993 (North Sea Task Force, 1993). 
However the single most dominant source of SPM to the Humber coastal zone is via the 
erosion of the boulder clay cliffs of the Holderness Coastline which provide an annual 
sediment supply of 1.4 x 106 t year1 to the North Sea. The Holderness Cliffs, reaching up 
30 m high, consist of unconsolidated Quaternary sediments and extend 50 km from 
Flamborough Head in the north to the sandy spit of Spurn Head at the mouth of the 
Humber Estuary (Al-Bakri, I986; McCave, 1987). Compositional analysis reveals that the 
cliff material comprises 70 % of particles with < 63 J.lm grain size (McCave, I987), 
thereby favouring long-range transport within and beyond the Humber coastal zone. In the 
absence of major wind forcing, residual (or non-tidal) water flow in the Humber coastal 
zone runs parallel to the coastline in a southerly to southeasterly direction across the 
Humber mouth, turning easterly off the Wash under the influence of the East Anglian 
coastline. The anticlockwise, residual circulation within the Humber coastal zone 
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therefore initially transports Holderness material southwards, where it becomes entrained 
within the Humber Plume and available to mix with other particle sources in the Humber 
coastal zone. These include anthropogenically modified SPM from the Humber Estuary, 
intermittently resuspended bed sediments, potentially in greater concentrations during 
rough weather conditions (Jago et al., 1993), SPM from the North Sea (O'Connor, 1987) 
and biogenic particulate matter generated during in situ spring and summer coastal 
phytoplankton blooms (Joint and Pomroy, 1993). The Humber coastal zone is therefore a 
complex and dynamic confluence of SPM from seasonally variable sources. 
It is also believed that particles derived from the Holderness Cliffs are contributing to the 
accretion of mudflats near the mouth of the Humber Estuary and on the south bank which 
have been estimated to be accumulating sediments at a rate of about 1.3 x J05 t year- 1 
(McCave, 1987). Examination of the texture of sediments from these regions have 
indicated large areas of clay material (Barr et al., 1990) however seabed drifter studies 
have shown that < 10 % of Holderness material enters the estuary (O'Connor, 1987). 
Rapid sedimentation is also occuring within the Humber Wash and sediments are believed 
to be of both marine and fluvial origin (McCave, 1987; Evans and Collins, 1975). 
Kitts et al. (1994) estimated the average particle residence time for the Humber Estuary 
based on the known riverine supply of sediment (2 x 105 t year I) and the estimate that 
during a spring tide in the winter approximately 3 x I 06 t SPM are present in the Humber 
(Jackson and Norman, 1970). The outcome was about 15 years which is considerably 
longer than the flushing time of the estuary (40 days) and has implications for the estuarine 
retention of particle associated trace metals (Millward and Glegg, 1997). 
1.2.2.3. Trace Metal Inputs. 
The Humber's catchment has a population of 10.8 million, encompassing the major UK 
cities of Birmingham, Leeds, Nottingham and Sheffield, and includes regions of heavy 
industry and agriculture (Edwards et al., 1987). Along the estuary itself are located two 
oil refineries, several chemical complexes including two titanium dioxide plants and up 
until 1991 there was a major metal refinery situated on the northern bank (Comber et al., 
1995). The Humber therefore receives significant pollutant loads from industrial as well 
as domestic discharges (North Sea Task Force, 1993). In 1990 the Paris Commission 
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(P ARC OM) implemented a comprehensive annual study of riverine, sewage and industrial 
discharges of selected contaminants in order that inputs to the North Sea could be assessed 
(P ARCOM, 1994). Metal inputs to UK estuaries via dumped dredged materials are 
monitored by the Oslo Commission (Oslo Commission, 1992). Table 1.2. shows the total 
inputs of Ni and Zn into the Humber Estuary for the period 1985- 1993 (P ARCOM, 1991; 
National Rivers Authority, 1993a; 1993b; Oslo Commission, 1992). The fluxes reported 
highlight the significance of dumped dredged materials in the Humber Estuary with inputs 
of particulate Ni and Zn introduced to the inner estuary by the dumping of contaminated 
dredged material predominantly greater than fluvial inputs into the estuarine system. The 
data indicates that Ni inputs appear to have decreased substantially from 1985 to 1993 
whilst inputs of Zn have only decreased slightly. However perhaps more significant than 
the overall inputs of Ni and Zn to the Humber is the retainment of these metals in the 
estuary. Millward and Glegg (1997) compared estimated fluxes of Ni and Zn to the North 
Sea from the Humber Estuary for 1989-1990 to inputs into the estuary over the same 
period. A discrepancy was found between estuarine inputs and fluxes to the North Sea 
with Zn, and to a lesser extent Ni, showing a large imbalance in concentrations in favour 
of retention within the estuary. The results therefore indicated that the estuary is acting as 
a trap for fine, metal contaminated-sediments and suggested that even though contaminant 
discharges are diminishing, the Humber Estuary is likely to remain a long term source of 
trace metals to the North Sea. 
Table 1.2. Total inputs ofNi, Zn and Fe into the Humber Estuary. 
Metal Source Fluxes (kg day- I) 
1985-1989 1990 1991 1992 1993 
Ni Riverine, sewage, 
industrial 36oa 3158 320b 193b 
Dredged material 462C 41QC 300C 350C 160C 
Zn Riverine, sewage, 
industrial 26708 2135-2146d 2050b 2020b 
Dredged material 2670C 2140C 2560C 2050C 1200C 
Fe Industrial 175000e 137000f 
a- National Rivers Authority (1993a); b- National Rivers Authority (1993b); c- Oslo Commission (1992); 
d- PARCOM (1991) low and high loads, respectively; e- Newell et al., (1984) data for major source only; 
f- National Rivers Authority (1995) data for major industrial source only. 
The trapping of trace metals in Humber sediments is a process supported by studies of 
sediment trace metal concentrations in the Humber Estuary. Grant and Middleton (1990) 
compared present day concentrations to a 5000 year old baseline sample and concluded 
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that many metals were elevated above the baseline, including Ni, with Zn, along with P, 
As, Pb and Cu displaying marked enrichments. Further studies by Grant and Middleton 
(I 993) indicated that in contrast to most trace metals which display an uniform distribution 
throughout the Humber estuary once the effect of grain size is adjusted for, mainly because 
the component of SPM transporting these metals is a single well mixed pool, Zn, Ni and 
Pb show a significant spatial trend in metal concentrations with higher concentrations 
detected at the freshwater end of the Humber system. It was proposed that very 
contaminated fluvial particulates and/or the input of relatively uncontaminated fine 
sediment from the sea (i.e. Holdemess) could account for the spatial trends observed. 
Alternatively it was suggested that the exchange of Ni, Zn and Pb between sediments and 
water via Fe and Mn oxides could be responsible. The Humber estuary receives a 
substantial input of anthropogenic Fe (see Table 1.2.), discharged in dilute sulphuric acid, 
which has in the past been as high as I. 75 x IQS kg day-1 from the major industrial source 
(Newell et al., 1984) and is currently estimated to be 1.2 x IQS kg day-1 from two 
industrial plants on the south bank of the Humber (Tioxide, 1994). The anthropogenic 
fluxes of Fe are an order of magnitude greater than the riverine input of about 1 ()'I kg day-1 
(Millward et al., 1996) and are considered responsible for the high leachable Fe content 
(12.0 ± 5.8 mg g-1) of SPM in the Humber Estuary relative to other major North Sea 
estuaries (Turner et al., 1991) and elevated Fe concentrations (490 mg g-1) in sediments 
around the industrialised sector on the south bank (Barr et al., 1990). Although Fe may 
not be regarded as a toxin itself amorphous iron oxide precipitates, either in suspension or 
on particles, have relatively high specific surface areas (Turner et al., 1991) which can 
promote the efficient scavenging of dissolved trace metals from solution (Millward and 
Moore, 1982). Therefore the retention and behaviour of Zn and Ni in the Humber estuary 
may be controlled by uptake onto Fe-oxide coatings. 
Further studies within the Humber Estuary have examined the dissolved and particulate 
distributions of Ni and Zn throughout the estuary. Comb er et al. (I 995) monitored 
dissolved Ni and Zn concentrations from September 1989 to October 1991 and concluded 
that saline end-member concentrations showed little variation, while differences in 
freshwater concentrations could be explained by variations in metal discharge and /or 
freshwater flow. Both dissolved Ni and Zn showed deviation from conservative behaviour 
throughout the estuary; for Ni this was attributed to a mid-estuarine influx of dissolved Ni 
from the River Trent which exhibited concentrations of up to 37 !lg J-1 (Camber et al., 
10 
1992). The behaviour of Zn was attributed to desorption from the particulate phase 
specifically from particles supplied by rivers with high Zn loadings such as the Trent and 
Aire. Turner et al. (1991) examined the particulate distribution of Ni and Zn in the 
Humber estuary and observed ambiguous distributions with particulate trace metal 
concentrations often increasing seaward which was attributed to major pollutant inputs (i.e. 
direct industrial discharges) towards the seaward end of the Humber Estuary. The 
speciation of particulate Ni and Zn in the Humber estuary was examined by Comber et al. 
(1995) and for Ni and Zn the dominant phase was identified as reducibly-bound (i.e. that 
associated with Fe and Mn oxides) although the residual phase was also important for Ni. 
Studies of trace metal concentations and behaviour in the Humber coastal zone are limited 
and there is considerably less information available. To date many investigations of trace 
metal distributions have included the Humber coastal zone as part of larger studies of the 
coasts of England and Wales (Laslett, 1995, dissolved and SPM; Rowlatt and Lovell, 
1994, sediments) and the North Sea (Burton et al., 1993, Hydes and Kremling, 1993, 
dissolved; Tappin et al., 1995, dissolved and SPM; Turner et al., 1991, SPM; Irion and 
Muller, 1990, sediments). These studies have noted features ofNi and Zn behaviour in the 
Humber Plume. For example Burton et al. (1993) concluded that dissolved Ni behaved 
conservatively in the Humber plume although there was evidence for removal of dissolved 
Zn relative to the flux from the estuary. Turner et al. (1991) also noted a general 
reduction in particulate trace metal concentrations offshore but observed elevated 
particulate Ni and Zn concentrations in the plume in spring relative to the winter which 
were possibly related to biological processess. However a fully intergrated study 
providing a comprehensive data set of dissolved, SPM and sediment concentrations of Ni 
and Zn within the Humber coastal zone has never been undertaken and therefore the 
seasonal distribution, transport and fate ofNi and Zn has never been fully assessed. Fluxes 
of Fe, Mn, Cu and Zn have been calculated for the Humber coastal zone (Mill ward et al., 
1996) and preliminary modelling of Al, Fe, Mn, Zn, Cu and Cd fluxes (inadequate data 
has hindered the incorporation ofNi) to the North Sea from the Humber coastal zone have 
been undertaken (Morris and Alien, 1993). However a significant recommendation of 
these projects was that a shortage of reliable field data needs to be remedied in order to 
further develop and validate a water quality model of trace metal dispersion in the 
Humber-wash coastal zone. Specifically improved estimation of the seasonal changes in 
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freshwater inputs of SPM, dissolved and particulate metals are required along with a 
knowledge of seasonal variations in partition coefficients. 
1.3. Processes Affecting Trace Metal Behaviour in Coastal Waters. 
Several factors can potentially affect trace metal distributions in coastal zones however it 
would appear that the principal processes which need to be quantified include: inputs of 
trace metals from rivers (Tappin et al., 1995; Laslett, 1995; Turner et al., 1991); the 
atmosphere (Chester et al., 1993a; Jickells, 1995); bottom sediments (Burton et al., 1993; 
Westerlund et al., 1986), removal or recycling mediated by biological processes (Noriki et 
al., 1985; Twiss and Campbell, 1995) and dissolved-particulate phase interactions (Balls, 
1989b ). Of these processes it is possibly the partitioning of metals between the dissolved 
and particulate phase which is the most crucial in coastal zones as these regions represent a 
dynamic interface with a constant throughput of water and particles where riverine inputs 
of trace metals, which are predominantly in the dissolved phase, mix with marine waters 
containing barely detectable concentrations of dissolved metals. Uptake of trace metals 
onto the particulate phase is therefore a key process and this is particularly the case in 
areas of high turbidity, like the Humber coastal zone, where exchange reactions with the 
particulate phase tend to absorb the impact of increased anthropogenic inputs and thus 
render the routine monitoring of dissolved metal concentrations in coastal zones of little 
value (Balls, 1989a). This section therefore firstly addresses the importance and 
difficulties of quantifying dissolved-particulate phase interactions in estuarine and coastal 
waters and discusses the application of partition coefficients to modelling trace metal 
distributions in coastal waters. Riverine inputs of trace metals to the Humber coastal zone 
have previously been discussed in Section 1.2.2.3. and therefore biological interactions, 
atmospheric inputs and benthic exchange processes will be commented on in the remainder 
of this section. 
1. 3.1. Dissolved-Particulate Partitioning. 
Increased public awareness of the environmental impact of pollutant discharges has led to 
the need for accurate numerical models to predict the transport and fate of trace metal 
contaminants (Ng et al., 1996; Wood et al., 1995). Of fundamental importance to 
predicting the fate of trace metals in the estuarine and coastal environment is an 
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understanding of the differential transport of trace metals between the dissolved and 
particulate phase (Millward, 1995; Millward & Turner, 1995). A convenient measure of 
the partitioning of a metal between the dissolved and particulate phases can be expressed 





where P (w/w) and C (w/v) are the particulate and dissolved phase concentrations, 
respectively. 
Implicit to the Kd concept are the following assumptions (i) instantaneous and fully 
reversible equilibrium between the dissolved and solid phases; (ii) homogeneity in the 
surface properties of the particle population; and (iii) non-complex speciation of dissolved 
trace elements (i.e. organo-metallic species) (Millward, 1995). Despite these limitations 
~ values have proven to be conceptually useful in modelling trace metal distributions in 
estuaries and coastal seas via numerical models such as the Estuarine Contaminant 
Simulator (ECoS; Plymsolve, 1991 ), the Pollution Information System for Contaminants 
in Estuarine Systems (PISCES; Ng et al., 1996) and the Eulerian-Lagrangian Analysis of 
non-conservative metal transport in estuarine environments (ELAmet; Wood et al., 1995) 
and policy models such as the 3D North Sea Policy Model for Heavy Metal Discharges 
(NORPOLL; Murphy & Odd, 1992). 
Distribution coefficients can be evaluated by empirical measurements of natural samples 
(Balls, 1989b; Millward et al., 1992; Turner et al., 1992b; Burton et al., 1993; Hydes and 
Kremling, 1993; Muller et al., 1994; Chiffo1eau et al., 1994; Comber et al., 1995; Tappin 
et al., 1995; Sung, 1995) or by laboratory based radiotracer techniques (Li et al., 1984a; 
1984b; Nyffeler et al., 1984; Santschi, 1988, 1989; Turner et al., 1992a, 1993; 
Koeppenkastrop and De Carlo, 1993; Turner and Millward, 1994; Millward et al., 1994). 
These two approaches do not yield comparative Kd's and a disparity of one to two orders 
of magnitude between radioactive and ambient Kd's is typical. This is exemplified in 
Table 1.3. which compares ambient and radioactive Kd's for Ni and Zn for several 
european estuaries and coastal zones. The discrepancy between these two methods is 
attributed to the fact that the magnitude of Kd is dependent on accurate estimation of the 
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exchangeable particulate metal species (Tappin et al., 1995). Radiochemically derived 
K/ s are based on the fraction of particulate metal which is in quasi-equilibrium with those 
in solution, whereas ambient Kd's incorporate metals solubilized non-selectively following 
destruction of various mineral components by an acid attack (Turner et al., 1992a). At 
present it is imposible to predict which Kd values are appropriate for modelling trace metal 
behaviour, particularly for an estuary where no data exists, and therefore considerable 
effort has been devoted to the evaluation of Kd's by both stable and radioisotope 
techniques (Millward, 1995). However, generally ambient Kd values are regarded as an 
effective way of summarising the interplay between the dissolved and solid phases (Tappin 
et al., 1995) but radiochemical ~'s are considered more suited to modelling the short-
term biogeochemical behaviour of trace metals in the marine environment due to stable 
~'s overestimating the fraction of particulate metal available to participate in exchange 
reactions under realistic environmental conditions (Turner et al., 1992a). Laboratory 
experiments, using radiotracers, can also be designed to investigate mechanisms and 
kinetics of metal uptake and can provide a more quantitative prediction of metal 
distributions (Anderson et al., 1987; Turner et al., 1993; Turner & Millward, 1994; 
Millward & Turner, 1995). 
Table 1.3. Comparison of~ values determined from field measurements of stable Ni and 
Zn in the dissolved and particulate phase and laboratory studies using radiotracer 
techniques for several European estuaries and coastal water regions. Salinity is given 
where available. 
Location ~X 1Q3 Salinity Reference 
Ni Zn 
Stable 
Humber Estuary 5 25 22.5 Comber et al., I995 
Humber Mouth 34 31.3±1.7 Althaus, I992 
Humber Plume 84 I 54 34.0 ± 0.4 Althaus, I992 
British coastal waters I 0-31.6 I 0-I 00 Balls, 1989b 
Clyde Estuary 42 66 29.92 Muller et al., I994 
Seine Estuary I6-25 25-50 20-30 Chiffoleau et al., I994 
Mersey Estuary IO 30 26.5 Comber et al., I995 
Radioactive 
Coastal North Sea 6 30 Barbeau and Wollast, I994 
Scheldt Estuary 1 5 Barbeau and Wollast, 1994 
Humber Estuary I I 30.8 Turner et al., 1993 
Dee Estuary 10 35 Turner and Millward, 1994 
Thames Plume 1.5-6.0 28.0 ± 5.1 Turner et al., 1992a 
Tamar Estuary I3 34.0 Bale, 1987 
Rhine Estuary 14 34.3 Salomons, 1980 
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1.3.2. Biological Interactions. 
Phytoplankton and planktonic debris are major components of natural particulate matter 
and have been identified as playing a significant role in mediating the vertical transport of 
metals out of the surface water column (Fisher, 1986). Some of the strongest evidence of 
trace metal-phytoplankton associations have been observed in the open ocean where 
profiles of dissolved As, Cd, Zn, Se, and Ni concentrations have displayed pronounced 
sea-surface depletion, reminiscent of profiles of other essential plant nutrients such as Si 
and P (Bruland et al, 1978; Bruland, 1980; Bruland and Franks, 1983; Measures et al., 
1983; Cutter and Bruland, 1984; Statham et al., 1987; Morley et al., 1993) providing 
indirect evidence that biological processes can strongly influence the oceanic chemistries 
of trace metals (Bruland et al., 1991; Sunda and Huntsman, 1992). Evidence of such 
relationships in coastal waters is limited possibly because of the increased rate of water 
turnover and competing processes which obscures any relationships. In comparison the 
open ocean provides a model system in which to study trace metals and biota due to it's 
isolation from allochthonous sources (More! and Hudson, 1985). However Windom et al. 
(1991) claim trace metal-nutrient relationships exist in estuaries. Also several laboratory 
based experiments examining the uptake of radiolabelled metals by cultures of 
phytoplankton have demonstrated that the coastal diatom Thalassiosira weissjlogii can 
activily assimilate Fe, Mn, Zn, Cd, Co and Ni (Price and More!, 1990, 1991; Sunda and 
Huntsman, 1992, 1995, 1996; Lee et al., 1995; and Ahner and More!, 1995) indicating that 
biological interactions could influence trace metal distributions in coastal zones. 
Measurements of primary production in the Humber coastal zone have indicated that 
significant rates of primary production occur in this region (Joint and Pomroy, 1993) and 
previous pilot studies in the Humber coastal zone have suggested a potential interaction 
between phytoplankton and trace metals. Turner et al., (1992a) performed in situ 
radiochemical experiments to determine the value of Kd after 5 days (Kd5's) in the 
southern North Sea. Comparison of metal uptake onto particles collected in the Humber 
Plume in winter and samples obtained during plankton blooms in spring (see Table 14.) 
demonstrated that particle affinity was enhanced by diatoms for 109Cd and 65zn by an 
order of magnitude, comparative to uptake onto plume particles. Phaeocystis effected a 
reduced affinity although it was still higher than plume Kd's for 109Cd and 65zn. 
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Table I.4. Variation in K.ts with different particle types, from Turner et al., (I992a). 
Kd X I03 
109 Cd 6szn 
Humber Plume Dec I988 0.40 ± 0.33 5.43 ± 5.86 
Humber Plume May I990 0.95 ± 0.43 8.76 ± 3.64 
Diatoms April I989 7.42 29.3 
Phaeocystis April 1989 2.08 8.06 
Further studies on Zn uptake were undertaken during a special bloom cruise in the Humber 
coastal zone in April 1989 as part of the NSCP (Lowry et al., 1992). Dissolved and 
particulate Zn concentrations were determined in both a diatom and Phaeocystis bloom 
and a stable Kd value, denoted as K.t~, was derived for each to examine the partitioning of 
Zn. A summary of the results obtained is presented in Table I.5. Dissolved oxygen levels 
were in excess of I 00% for both phyoplankton blooms indicating net productivity was 
occuring. Highest Zn K.t~ values, by a factor of IO, were obtained for the diatom bloom 
which suprisingly exhibited lower chlorophyll concentrations than the Phaeocystis bloom 
and higher nutrient concentrations. In comparison chlorophyll concentrations were much 
higher and nutrient levels lower in the Phaeocystis bloom but lower Zn K.t~'s were 
obtained. 
Table 1.5. Summary of mean Zn K.t~'s and master variables obtained for a diatom and 
Phaeocystis bloom in the North Sea, April 1989. 
[Zn]d [Zn]p Zn 1<.!~ Phosphate Nitrate 
(nrnoll-1) (~g g-1) (x lQS) (~oll-1) (j.UJloii-1) 
Diatom 
Mean 15.2I 134.0 1.9 0.48 3.27 
± st dev 6.60 213.0 1.6 0.11 0.9I 
Phaeocystis 
Mean Il.30 35.0 O.I8 0.16 1.71 
± st dev 7.59 I7.0 0.07 O.IO 2.38 
[Zn]d and [Zn]p denote concentrations of d.issoved and particulate Zn, respectively. 












These results again infer that diatoms effect a greater uptake of Zn, in accordance with the 
findings of Turner et al., (I992a), however both these studies provide only circumstantial 
evidence that phytoplankton are inducing greater metal uptake and there is no substantial 
evidence to support a mechanism for this uptake i.e. was there active assimilation of Zn by 
the phytoplankton or do the results reflect a process of passive adsorption of Zn onto 
decaying phytoplankton cells. There is no explanation either for the greater Zn uptake 
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observed under lowest chlorophyll concentrations. The lack of knowledge to fully explain 
these results highlights the need for further investigations to be undertaken. 
1.3.3. Atmospheric Inputs. 
Until recently the main source of contaminants to the marine system was considered to be 
riverine however there is much evidence that atmospheric inputs contribute appreciably to 
marine areas (Duce et al., 1991) and for some partially enclosed water bodies, i.e. North 
Sea and Mediterranean Sea, may be comparable to those of riverine inputs (Guieu et al., 
1991; Otley and Harrison, 1993). The magnitude and significance of deposition velocities 
and scavenging ratios used to convert aerosol concentrations to deposition flux 
measurements are poorly known and represent a major uncertainty in estimates of 
atmospheric fluxes to oceans (Jickells, 1995). In addition the natural variability of the 
atmosphere system and complex meteorology of coastal zones compounds this problem 
(Kane et al., 1994). However despite these uncertainties estimates of atmospheric 
distributions of trace metals over the North Sea have been assessed by Chester et al., 
(1993a) who concluded that atmospheric fluxes contributed substantially to the total inputs 
of trace metals to the North Sea, with both wet (rain water scavenging) and dry (direct 
deposition to sea water) deposition processes being important. It was also commented that 
aerosols from air masses which have crossed continental Europe are richer in some trace 
metals (i.e. Zn and Pb) than those from air masses which have crossed the UK. A 
comparison of riverine and atmospheric fluxes in the Humber Plume and North Sea, 
compiled by Millward et al, (1996), is presented in Table 1.6. and indicates that for Zn the 
Humber Plume input is comparable with that from the atmosphere but fluxes of Fe and Mn 
from the Humber Plume are much higher than the atmospheric input. There is no Ni data 
available to comment on. 
Table 1.6. Comparison of trace metal fluxes in the Humber Plume and North Sea. 











* - Total fluxes of dissolved and particulate tiace metals across 
the eastern bowulary. #-Total of wet and dry deposition fluxes 
for the North Sea (Chester et al., l993a) 
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Evidence of aeolian inputs influencing the distributions of trace metals in coastal zones 
have been proposed by Tappin et al. (1995) who observed higher concentrations of 
particulate Pb, Cd, Zn, Fe and Mn in surface waters of a sampling site off the Southern 
Bight compared to bottom waters. As this site was distant from any estuarine source, and 
the water column was well-mixed with respect to salinity it was suggested that aeolian 
inputs could be accountable. In addition Althaus (1992) from extensive surveys of the 
Humber-Wash and Rhine plumes reported elevated concentrations, in both plumes, of 
dissolved lead associated with higher offshore waters with low SPM concentrations and 
lower concentrations of dissolved lead in the fresher near-shore waters of higher SPM 
content. It was suggested that enhanced scavenging in near-shore waters, in combination 
with aeolian inputs over the plume area, could explain the distributions observed. 
However, generally it is difficult to detect the influence of aeolian inputs on concentrations 
of metals in the water column because of their diffuse nature and short term variability 
(Tappin et al., 1995). Also the seawater fates of atmospherically transported trace metals 
deposited to the sea surface are not constrained simply by the concentrations of the metals 
in the air but depend on their chemical characteristics in the parent aerosol as well (Chester 
et al., 1993b). Chester et al. (1994) implicated sequential leach analysis of North Sea 
aerosols and found that of the total Cu, Pb and Zn in the aerosol 45 %, 77 % and 77 % , 
respectively, were in exchangeable associations. However, deposition experiments 
examining the solubility of these exchangeable metal fractions in rain water (representing 
wet deposition) and sea water (dry deposition) have revealed that whilst Zn is equally 
soluble in both phases (98 %sea water; 95 %rain water) Pb is less soluble in seawater (66 
% sea water; 95 % rain water). Thus precipitation scavenging, at the average pH for North 
Sea rain water (pH = 4), initially releases most of the exchangeable Zn and Pb into the 
dissolved trace metal pool, but sea water is less corrosive with respect to Pb than Zn 
influencing the impact of Pb derived from dry deposition on trace metal concentrations in 
the water column. Such considerations of the exchangeability and solubility of trace 
metals in aerosols therefore seem essential when discussing the impact of aeolian inputs on 
trace metal fluxes in coastal zones. 
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1.3.4. Benthic Exchange Processes. 
Sediments may not only be regarded as a sink for trace metals but, under appropriate 
conditions, may function as a source of contaminants affecting the quality of the overlying 
water column (Kersten, 1988). The transfer of metals across the sediment-water interface 
is instigated by the microbial decomposition of organic material deposited in the 
sediments. Microbes utilise the available oxidants that yield the greatest free energy 
change per mole of organic carbon oxidised and therefore the sequential biological 
reduction of oxidants is in the order 0 2, N03-, fe3+, Mn4 +, SO/- and CH4 (Froelich et al., 
1979). As the oxygen concentration in the surface sediment is depleted Fe(TII) 
oxhydroxides are reduced, releasing soluble Fe(II) into the porewaters. Similarly the 
reduction of Mn(IV) oxyhydroxides produces soluble Mn(II). The porewater Fe(II) and 
Mn(II) diffuse upward precipitating into a metal rich band in the redox boundary, the 
region separating the oxic and anoxic zones. The subsequent release of Fe and Mn into the 
dissolved phase and/or porewaters can therefore cause a flux of dissolved Fe and Mn from 
the sediment-water interface into the overlaying waters. Trace metals which tend to be 
scavenged by Fe and Mn oxide phases (i.e. Cd, Co, Cu, Ni and Zn) are also released as 
these phases are reduced and therefore can be supplied to the water column from the 
sediments (Hydes and Kremling, 1993). Resuspension of the upper sediment surface 
containing diagenetically mobilised trace metals can also release particulate associated 
trace metals into the water column. 
Evidence of benthic processes influencing trace metal concentrations has been observed by 
Dehairs et al. (1989) who reported that SPM collected in the North Sea was enriched in Fe 
and Mn after the spring bloom relative to prior. It was proposed that the enrichment was 
driven by a benthic flux of dissolved Fe and Mn into the water column and their removal 
to the particulate phase by particle scavenging.. The benthic flux of dissolved Fe and Mn 
was thought to have been initiated by the aerobic remineralization of spring bloom 
material deposited at the benthic surface; the resulting oxygen depletion promoting the 
dissolution of solid Fe and Mn phases within the sediments and into the porewaters. This 
same process was invoked to explain the enrichment of dissolved Fe and Mn within the 
North Sea during spring compared to the previous winter (Tappin et al., 1995). The 
sampling sites involved were remote from any freshwater sources and due to the 
predominance of higher concentrations of Fe and Mn, and other trace metals, in the 
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deepest samples it was considered that an enhanced porewater flux of metals in the spring 
relative to the winter was responsible. 
Table I. 7. Diffusive fluxes of trace metals from sediments in the Humber Plume. 
Porewater flux* (t day- I) 
Metal Winter Spring Summer 
Fe 55- 140 120-7900 170-3300 
Mn 0.19- 10 0.68- 150 0.29- 160 
Zn 1.1-8.8 11 - 63 29-49 
"'-Humber Plume fluxes from the North Sea CD ROM (Lowry et al., 1992). 
Diffusive fluxes of trace metals from sediments in the Humber Plume have been 
determined from box cores taken during NSCP surveys in 1988 and 1990 (Lowry et al., 
1992). Assuming an area of 0.5 x I oto m2 for the Humber Plume, Millward et al. (1996) 
converted the diffusive fluxes into order of magnitude estimates of the total trace metal 
flux from Humber plume sediments. Results are presented in Table 1.7. and if compared 
to the fluvial trace metal fluxes into the Humber Plume (Table 1.6.) it can be seen that the 
porewater fluxes for Fe, Mn, Zn and Cu in spring are potentially much larger than the 
fluxes to the North Sea, suggesting that internal cycling of trace metals within the Humber 
Plume is highly significant, particularly in spring. However the quality of present 
estimates of sediment-water exchange fluxes on a plume-wide basis is poor. Available 
data are limited to regions where the bed sediment is sufficiently cohesive for box coring 
and trace metal exchanges for other sediment types need quantification (Millward et al., 
1996). 
1.4. Aims of Study. 
I) To provide an extensive high quality data base of particulate trace metal concentrations 
within the Humber coastal zone in an effort to quantify the sources and sinks of 
particulate trace metals in the region and to develop an understanding of the effects of 
seasonal cycles and interannual variability on particulate trace metal distributions in the 
Humber coastal zone. 
2) To quantify hydrodynamical fluxes of trace metals to the Humber coastal zone from the 
Humber Estuary 
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3)To generate new quantitative understanding of the processes controlling the fluxes and 
reactivities of trace metals in this region. In particular this will involve studies of: 
a) The association of Ni and Zn to particles of varying settling velocity 
b) The sorption ofNi and Zn to different SPM types 
c) The biological uptake ofNi and Zn. 
4)To identify the key processes affecting trace metal behaviour in the Humber coastal 
zone and provide the measurements for the development and parameterization of a 
conceptual model for the fme sediment transport of trace metals in coastal waters. Tbis 
model will contribute significantly to the further development of a comprehensive 
coastal zone system model, coupling both geochemical constants to hydrodynamic 
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Chapter 2- Sampling and Methodology. 
2.1. Sample Collection. 
2. 1.1. Overview of the Sampling Campaign 
All sampling was undertaken during multi-disciplinllry cruises in the Western North Sea as 
part of the NERC LOIS coastal programme. In total, seven cruises aboard RRS 
Challenger were carried out from November 1993 to July 1995. Spatial sampling 
throughout the survey region was undertaken on six of these cruises providing a significant 
inter-annual and seasonal data base. Productivity experiments were undertaken on cruises 
in spring and summer 1995. The dates of each cruise and the seasonal name given 
throughout this thesis. are summarised in Table 2.1. 










9-23 November 1993 
ll-23 December 1993 
1-16 November 1994 
7-29 January 1995 
31 March-13 April1995 
14-26 April 1995 
30 June"ll July 1995 
*productivity cruise only. 









All cruises consistently followed the same sampling track, referred to as the LOIS Rivers, 
Atmospheric and Coastal Study (RACS) coastal survey track (Figure 2.1 .). This is divided 
into two sampling regions: the Humber-Wash sampling grid and the Humber-Tweed 
·coastal track. The Humber-Wash g~id extended from the Norfolk coast in the south to 
Flamborough Head in the north and encompassed the outer Humber Estuary (Salinity > 
30) and associated plume, the Holdemess Cliffs and the Humber-Wash. The Huniber-
Tweed coastal track extended from the Holdemess Cliffs in the south (with some overlap 
of the Hurriber-Wash grid stations) to Berwick-upon-Tweed in the north and covered the 








---o-- Humber .. Wash Grid 





Figure 2.1. Map of the LOIS RACS/C study area illustrating the position of sampling 
stations along the Humber-Wash grid and Humber-Tweed coastal track. Inset picture of 
the Humber Estuary indicates sites of the POL (Proudman Oceanographic Laboratory) 
Proudman Mooring Platforms (PMP's) consisting of a Nothem line (N1, N2, N3) and 
Southern line (S 1, S2, S3) off the Holderness coast and No 4 in the mouth of the 
Humber Estuary. Anchor station sites at the Holderness Cliffs (A), corresponding to 
PMP site S2, Spurn Head (B) and mouth of the Humber Estuary (C), coresponding to 
PMP site no 4 are depicted. The Anchor station site in the Humber Wash (D) is 
illustrated on the larger scale map. 
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2.1.1.2. Anchor Station Locations. 
To compliment the spatial sampling of the region a number of samples were collected over 
fixed anchor stations in the Humber-Wash region. The locations of the anchor stations and 
the surveys during which they were sampled are summarised in Table 2.2. below. 
Table 2.2. Anchor Station positions for each cruise. 
Anchor Station Position Fig. 2.1. 
Reference 




53° 43' .5 N 00° 08'.1 E 
53° 38'.3 N 00° 10'.6 E 
53° 00'.0 N 00° 23'.6 E 












The principal objectives of the trace metal component of the programme were to examine 
the distribution, transport and behaviour of particulate trace metals within the Humber 
coastal zone and along the Humber-Tweed coastal track. This aim was achieved by 
undertaking the following experiments; 
1) The temporal and spatial collection of SPM from near surface waters of the Humber 
coastal zone and Humber-Tweed track for chemical analysis of trace metals (Fe, Mn, Ni 
and Zn). 
2) The collection of SPM and supplementary dissolved samples over anchor stations in the 
Humber-Wash region for trace metal analysis (Fe, Mn, Ni and Zn). 
3) The collection and trace metal analysis of sediments from the Humber coastal zone. 
4) The determination of trace metal concentrations in fractions of density-separated SPM 
to examine the preferential association of trace metals to temporarily or permanently 
suspended particulate matter. 
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5) Application of radiolabelled 65zn and 63Ni to examine the uptake of Ni and Zn onto 
predominantly lithogenic particles within the Humber-Wash in the winter arid to 
investigate the seasonal control exerted by biologically mediated uptake of Ni and Zn 
dul'ing spring and summer phytoplankton blooms in the Humber-Wash region. 
2.1. 2. Water Sampling. 
Samples of SPM for trace metal analysis were collected at stations located along the 
Humber-Wash sampling grid, the Humber-Tweed coastal track and from anchor stations 
located throughout the Humber coastal zone. Generally the Humber-Wash grid was 
extensively sampled on all cruises however coverage of the coastal track was limited 
during surveys in winter/93, autumn/94 and winter/95 due to bad weather conditions and 
time constraints imposed by other scientific programmes. 
Water samples were obtained using a systein consisting of a st<linless steel frame (referred 
to as a rosette sampler) onto which a maximuin of 12 sample bottles and a Conductivity, 
Temperature and Depth (CTD) instrument package were mounted. The CTD instrument 
package was capable of continuously logging water column variables such as depth, 
temperature; salinity; transmission (turbidity), fluorescence (chlorophyll) and dissolved 
oxygen as it was lowered through the water column and the downcast was ofteQ used to 
determine suitable depths to take water samples, Water samples were collected using 10 
litre PTFE lined Go-Fio bottles (General Oceanics, Florida), modified and acid-cleaned to 
limit trace metal contamination, deployed on the rosette sampler. The bottles are designed 
to penetrate the water surface closed preventing any contamination from the ship or 
surface micro-layer contaminants. At approximately 10m depth the bottles opened 
automatically under pressure and during the upcast were closed by means of an electronic 
triggering system at the desired depth. Additional surface samples were also collected 
using a Teflon pumped supply when sea conditions restricted the deployment of the CTD 
or when samples were collected at intermediate positions along the survey track. 
When the CTD was back on board ship the Go-Fio bottles were retrieved from the rosette 
and transferred immediately to the NERC Research Vessel Services clean chemistry 
container (Morley et al., 1988) located on the after deck of RRS Challenger. The bottles 
were fully inverted four or five times to ensure that no SPM had settled out before being 
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mounted to the exterior of the container. Water samples were then pressure-filtered (ea. 
0.7 bar) directly from the Go-Flo bottles through acid-washed, pre-weighed, 142 mm 
diameter, 0.4 I.J.m Nuclepore Polycarbonate filters contained in PTFE filter presses. Filters 
were acid-washed prior to the cruise by immersing in a bath of lM HCl (AristaR) for 24 
hours. The acid solution was then decanted off and replaced with Milli-Q water. Filters 
were left to soak in the Milli-Q water for a further 24 hours prior to being removed from 
the Milli-Q bath and individually dried in a laminar flow hood. The cleaned and dried 
filters were then weighed and packed, in sequence, in a protective plastic filter case for 
transportation to the ship. Particles for metal analysis were collected from a minimum 
filtration of 2 litres of seawater although under conditions of low SPM concentration up to 
20 litres were filtered. The volume of water filtered was recorded to allow the SPM 
concentration to be calculated later. Once filtration was complete the filter presses were 
transferred to a laminar flow hood, within the clean container, where they were opened 
and the filters retaining the particulate fraction were rinsed with up to 20 ml of Milli-Q 
water, to remove any seasalts, sucked dry under vacuum and then stored individually in 
petri dishes at -18 oc until shore-based analysis. It has been shown that washing SPM with 
Milli-Q water removes only 7 % and 9 %, respectively, of the acetic acid extractable 
fraction of Zn and Ni (Y. P. Zhou, personal communication) and therefore the loss of Ni 
and Zn via this procedure was considered minimal. The Teflon filter press was then rinsed 
with Milli-Q water and loaded with a new acid-washed filter membrane in preparation for 
the next sample filtration. Filter blanks, consisting of acid-washed filters placed in the 
Teflon filter presses, rinsed with Milli-Q water, sucked dry, removed and stored in 
individual petri-dishes at -18 oc , were also taken on each cruise. A summary of the 
number of SPM samples collected during each cruise and the anchor stations sampled 
during each survey is given in Table 2.3. 
Table 2.3. Summary of SPM and dissolved (in brackets) samples collected. 
Cruise Humber- Coastal Humber Holderness Spurn Humber 
Wash Grid Track Mouth AS Cliff AS Head AS Wash AS 
Autumn/93 23 22 15 
Winter/93 12 (8) 6 
Autumn/94 15 11 16 (14) 16 (8) 
Winter/95 17 18 15 (12) 13 (9) 14 
Spring/95b 22 35 18 (15) 14 (9) 14 
Summer/95 19 28 14 (12) 14 (12) 
AS - Anchor Station; - denotes anchor station not sampled. 
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Samples for dissolved trace metal analysis were also taken to supplement the SPM samples 
collected at the anchor stations sites. The filtrate recovered from the SPM sampling, 
above, was collected in a l litre acid-washed, low-density polythene bottle. The initial I 00 
ml of filtrate collected was discarded after thoroughly rinsing the receiving bottle to reduce 
the potential for trace metal contamination. Samples were acidified to pH 1.5 with HN03 
(BDH AristaR) to stabilise the total dissolved concentrations of metals and were then 
stored in resealable plastic bags at room temperature. Procedural blanks were prepared by 
filling the I litre acid-washed, polythene bottles with Milli-Q water and stored as normal. 
Table 2.3. gives a summary of the dissolved samples collected during each cruise. 
2.1.3. Settling Velocity Tube Deployments. 
Particle settling investigations involving the particulate trace metal analysis of density 
isolated fractions of SPM were undertaken during anchor stations in the mouth of the 
Humber Estuary and at the Holdemess Cliffs (see Figure 2.1.). Samples were obtained 
using a modified Owen tube, referred to as a Settling Velocity Tube (SVT), which was 
generally lowered into the water column immediately following a CTD deployment. The 
SVT operated by capturing 5 litres of water whilst held horizontally in the water column 
(Jago et al., 1993), see Figure 2.2.a. In these experiments the SVT was consistently 
deployed to a depth of approximately 5 m below the surface, corresponding to the depth of 
the Go-Flo samples. Upon its retrieval on deck the SVT was inverted several times to 
ensure the water sample was well mixed. The SVT was then stood up vertically (Figure 
2.2b.) and an insulating jacket put round the SVT to maintain the water sample at constant 
temperature. One litre samples of water were then retrieved, by means of a tap at the 
bottom of the SVT, at time intervals of 5, 20, 80 and 280 minutes from the time of 
inversion. A residual sample was also taken after 285 minutes. Each water sample was 
subsequently filtered, under gravity, through an acid-washed, pre-weighed, 0.4 JJm 
Nuclepore Polycarbonate filter. The filter retaining the particulate fraction was rinsed with 
up to 20 ml of Milli-Q water to remove any sea salts, sucked dry under vacuum and then 
stored individually in petri dishes at -l8°C until shore-based analysis. During selected 
cruises (see Table 2.5.) an additional sub-sample from each of the five SVT fractions 
yielded was filtered through a pre-ashed and weighed GF/C filter in order for the 
particulate organic carbon (POC) content of each fraction to be determined using the 




Tap Frame Elastic Cords Tube 
Figure 2.2, Diagram of a Settling Velocity Tube (SVT) during deployment in the water 
column (a) and in the vertical position on deck (b). 
A summary of SVT deployments performed on each cruise and the tidal state are given in 
Table 2.4. 
Table 2A. Summary of Settling Velocity Experiments undertaken. 
Cruise Date SVT/AS Location Tidal State 
Autumn/94 5th November 1994 Humber Mouth MaxFlood Springs 
6th November 1994 Holdemess Cliff MaxFlood Springs 
6th November 1994 Holdemess Cliff MaxEbb Springs 
Winteri95 22nd January 1995 Humber Mouth Max Flood* Neaps 
22nd January 1995 Humber Mouth Max Ebb* Neaps 
Spr:ing/95b 17th April 1995 Humber Mouth Max Flood·* Springs 
17th April 1995 Humber Mouth Max Ebb* Springs 
Summer/95 1st July 1995 Humber Mouth Max Flood* Springs 
i st July 1995 Humber Mouth Max Ebb* Springs 
SVT- Settling Velocity Tube; AS- Anchor Station; *- SVT's for which POC content of each 
settling fraction was determined 
2J 4. Sediment Sampling. 
Surface sediment samples were- collected from discrete locations throughout the Humber 
coastal zone during the survey of autumn/94. Sediment samples were collected using a 
Day Grab lowered on a hydro wire from RRS Challenger. Approximately 0.5 kg of the 
surfa,ce (h2 cin) layer was sampled using a polyethylene spatula. Sediment samples were 
stored in individual petri dishes, wrapped iri resealable polythene bags, at -18 oc until 
shore based analysis. 
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2.1.5. Additional Samples. 
Prior to the survey in winter/93 a number of shore based samples (see Table 2.6.and Figure 
2.3.) were collected to compliment the SPM samples collected during the cruise and for 
use in radiochemical mixing experiments. 
Table 2.5. Additional samples collected prior to survey winter/93 and in February 1995. 
Date Sample type Site Fig 2.3. Position 
ref. 
Dec. 1993 Seawater Moat Farm, I 53° 47' .9 N 00° 04' .2 E 
Holdemess 
Easington, 2 53° 38' .6 N 00° 07' .1 E 
Holdemess 
Spurn Head 3 53° 34'.4 N 00° 06'.9 E 
River end-member Boothferry, 4 53° 43'.8 N ooo 53'.2 W 
Ouse 
BP Effluent 5 53° 44' .2 N 00° 14' .5 W 
Mid-Estuary* 6 53° 43'.4 N 00° 15'.1 W 
Cliff Material Moat Farm, 53° 47'.9 N 00° 04'.2 E 
Holdemess 
Feb. 1995 Cliff Material Holdemess 7 53° 48' .0 N ooo 00' .4 W 
*Mid-Estuary sample was collected from ships non-toxic supply. 
All water samples were retrieved manually by directly lowering an acid cleaned 10 litre 
carboy into the surface water column. On joining the ship an aliquot of sample was 
immediately filtered, under gravity, through a 147 mm diameter, 0.4 J.lm Nuclepore acid-
cleaned filter contained in a Teflon filter press. The filter membrane was then treated as 
described in section 2.1.2. for normal SPM samples. The remainder of the water sample 
was stored in the carboy, for a maximum of up to 5 days, at room temperature within the 
chemical clean container aboard RRS Challenger until required in the mixing experiments. 
An additional water sample, required for the mixing experiments, was also obtained at the 
beginning of the winter/93 survey from the ships non-toxic water supply pumped on-board 
from a depth of 5m. This sample was collected directly into an acid cleaned carboy and 
stored as previously described above. 
Samples of Holderness cliff material were collected prior to the survey of winter/93 and in 
February 1995. Samples were obtained using a Teflon spatula and the cliff material was 
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directly placed either into a resealable plastic bag or petri dish and stored at -18 oc on 
reaching the ship. 
Fi~rure 2.3. Map indicating additional land based sampling sites. Numbers correspond to 
sites listed in Table 2.5. 
2.2. Sample Analysis 
2. 2.1. Digestion of ?articulate Samples. 
The filter membranes containing the retained SPM were defrosted and dried to constant 
weight, at room temperature, in a laminar flow hood and reweighed in order for the mass 
of SPM to be determined. The SPM and filter were then digested, in covered Teflon 
reactors at room temperature for 24 hours, using 10 ml of 1M HCl (AristaR made up with 
Milli-Q water). This digest was selected as it removes weakly bound trace metals (Loring 
and Rantala, 1988) and it has been shown that 1M HCl extractable metals correlate more 
closely with biological availability than other extraction methods (Luoma, 1983). This 
leaching agent has also been used to determine particulate trace metal concentrations 
throughout the NERC NSCP (Lowry et al., 1992; Burton et al., 1993; Tappin et al., 1995; 
Millward et al., 1996) and initial particulate trace metal data from the NERC LOIS project 
(Williams, 1995); therefore continued use of this extractant allows for a consistent 
chemical data base to be established and direct comparisons between data sets to be drawn. 
Also use of a single reagent minimises the possible introduction of contamination, 
particularly when low concentrations of SPM were encountered. 
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Following 24 hours digestion the suspension in a 'Feflon beaker was filtered through a 47 
mm, 0.45 !liD ceilulose acetate filter contained within an acid-cleaned plastic filter unit. 
The digested filter membranes and Teflon beakers were rinsed with two further 5_ m! 
aliquots of !M HCI, which were also filtered. The resulting leachate was then transferred 
to a 25 m! polyethylene volumetric flask and made up to the mark with !M HCI prior to 
analysis. Filters were taken at random from the filter stack during the cruises to be used as 
procedural blanks. These were digested in an identical manner to the filters containing 
SPM samples. Reagent blanks for the digestion method were also carried out every time a 
batch of filters were digested. These were prepared by placing IO m! of acid in a Teflon 
beaker overnight and continuing as for a normal sample, including filtering the sample. 
2.2.2. Preconcentration of Dissolved Trace Meia/s. 
Dissolved trace metal concentrations were extracted and preconcentrated following a 
method of dithiocarbamate complexation/freon extraction as described in DoE (1988). 
Preconcentration of dissolved trace metal samples was usually undertaken within 1-2 
months after collection, Handling of all dissolved samples was performed in a laminar 
flow hood located in a trace metal free laboratory. All plastic and glassware used was pre-
cleaned in decon, acid-washed (I 0% HN03, AristaR) and rinsed with Milli-Q prior to use, 
Aliquots of sample (200 ml) were tranferred into glass separatory funnels and mixed 
reagent (7.5 ml) added. The mixed reagent contained an ammonium acetate buffer 
solution (2M acetate) to bring the pH within the range 4.5-5.3 and a mixed ammonium 
pyrrolidine dithiocarbamate/diethylammonium diethyldithiocarbamate (APDC/DDDC) 
chelating agent solution (1% w/v of each complexant). The pH value of the sample was 
checked using narrow range indicator paper and, if necessary, adjusted to between 4.5-5.3 
using additions of acetic acid (AristaR) or ammonia solution (AristaR). Aliquots (I 0 m!) 
of I, I ,2-trichloro-I ,2,2-trifluoroethane (Freon (GPR)) were added to the buffered sample 
and the samples extracted for 2 minutes, venting the seperatory funnels frequently. The 
phases were allowed to separate for at least 5 minutes and the organic layer containing the 
metal chelates drained into a small polyethylene bottle, Concentrated HN03 (AristaR, 500 
Ill) was immediately added to the organic layer and the sample vigorously shaken for 20 
seconds to initiate decomposition of the chelates. Extraction of the aqueous layer was 
repeated with a further 10 ml portion of Freon and the phases again allowed to separate for 
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5 minutes. The drained organic layer from the second extraction was combined with the 
first and the two extracts shaken thoroughly. Finally the organic extracts were thoroughly 
mixed with Milli-Q water (20 ml) and the extracted samples stored in sealed polythene 
bottles at 3 oc_ Standards and blanks required for analysis were prepared from six 200 ml 
aliquots of doubly extracted seawater retained from the sample extractions. Four aliquots 
of the extracted seawater were spiked with a volume (250 1-11, 500!!1, 750!!1, 1000!-11) of a 
mixed standard (BDH Spectrosol) of concentration 2 mg 1-1 Ni and 10 mg 1-1 Zn to provide 
four standards ofNi concentration 2.5, 5.0, 7.5 and 10 1-1g 1-1 and Zn concentrations 12.5, 
25.0, 37.5 and 50.0 1-1g 1-1. The remaining two aliquots of doubly extracted seawater were 
assigned as blanks. All standards and blanks were extracted as outlined above for the 
samples. 
2.2.3. Digestion of Sediment Samples. 
Sediment samples were fractionated into their <63 !liD and >63 !liD component parts prior 
to digestion. Samples were initially defrosted and then a sub-sample of sediment 
(approximately 0.5g) was wet sieved through a 63 !liD nylon mesh (acid-cleaned) using 5-
10 ml ofMilli-Q water. The sieving was aided manually by stirring of the sediment with a 
plastic spatula. The nylon mesh was placed on the cup of a 47 mm filtration unit and 
therefore the <63 !liD fraction was received into the filtration unit and instantly vacuum 
filtered through a pre-weighed, 47 mm, 0.45 !liD pore size filter. On completion of the 
sieving this filter was dried to constant weight in a low heat oven overnight. The >63 !liD 
fraction collected on the nylon mesh was transferred into a pre-weighed drying boat, using 
up to 20 ml of Milli-Q water to wash retained particles from the mesh, and similarly dried 
to constant weight in a low heat oven. Estimation of the % <63 !liD fraction was obtained 
from the known weights of the two fractions. Approximately 0.3 g of the < 63 !liD 
fraction of sediment recovered was then digested in 10 ml of 1M HCI, for 24 hours at 
room temperature, in a Teflon reactor vessel and was subsequently treated as previously 
described for the digestion of SPM in Section 2.2.1. 
2.2.4. Analysis of Samples. 
All SPM and sediment digests were analysed for the metals Fe, Mn, Zn and Ni. 
Concentrations of Fe, Mn and Zn were determined using Flame Atomic Absorption 
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Spectrometry (F AAS) and Ni by Graphite Furnace Flame Atomic Absorption 
Spectrometry (GFAAS). Dissolved samples were analysed for Zn and Ni using FAAS and 
GF AAS, respectively. 
2.2.4.1. Flame Atomic Absorption Spectrometry. 
Spectrometric analysis was conducted using either a GBC digital AAS in flame mode (for 
samples collected during the autumn/93 and winter/93 surveys only) or a Varian SpectrAA 
300/400 plus flame AAS connected to an on-line printer. Full details of the instrument 
parameters used for each metal are given in Appendix A. Sample leachates were 
introduced into the air-acetylene flame by means of a PTFE microcup (Statham, 1983) 
which allowed minimum sample volumes of 200 111 to be analysed. Sample absorbance 
was recorded digitally by the instrument and was based on peak height. Concentrations of 
particulate Fe, Mn and Zn were calibrated by means of linear calibration using a minimum 
of four standards. Standards were prepared using spectrosol standards (BD H) made up in 
!M HCl (AristaR) to maintain a consistent matrix between the standards and samples. All 
standards were analysed in triplicate and a calibration line fitted using the mean 
absorbance obtained for each standard. The acceptance criterion for all calibrations was r 
2! 0.995. Samples were analysed in triplicate and a maximum % relative standard 
deviation (RSD) of 5 % was accepted. Particulate samples were diluted, if necessary, 
using !M HCI (AristaR) so that their absorbance readings fell within the linear ranges of 
the calibrations. Dissolved Zn was also analysed by linear calibration observing the same 
protocol as discussed for the particulate analysis. Standards for the dissolved calibration 
were prepared during the extraction of the dissolved samples (Section 2.2.2.). 
Detection limits (determined as 3 a of the blank) and blank concentrations obtained for Fe, 
Mn and Zn using the F AAS are reported in Table 2.6. 
2.2.4.2. Graphite Furnace Atomic Absorption Spectrometry. 
Samples determined by GF AAS were analysed on a Perkin Elm er 41 OOZL with Zeeman 
background correction connected to a Perkin Elmer AS-70 autosampler. The 
determination of Ni in SPM and sediment digests had to be calibrated employing the 
method of standard additions with background correction due to intereferences caused by 
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Table 2.6. Detection limits and blanks for SPM, Sediment and dissolved analysis. 
Element Fe Mn Zn Ni 
Blank (mg J-1) dl. Blank (mg J-1) dl Blank (mg J-1) dl Blank (Jlg J-1) dl 
±St. Dev (mg I-I) ±St. Dev (mg I-I) ±St. Dev (mg I-1) ±St. Dev (Jlg I-I) 
SPM 
Autumn/93t 0.026 ± 0.019 0.056 0.014 ± 0.011 0.034 0.012 ± 0.009 0.029 1.178 ± 0.282 0.846 
Autumn/94 0.009 ± 0.033 0.099 0.003 ± 0.005 0.015 0.019±0.010 0.031 1.333 ± 0.25 I 0.755 
Winter/95 0.005 ± 0.021 0.063 0.003 ± 0.007 0.020 0.007 ± 0.003 0.009 1.290 ± 0.204 0.613 
Spring/95b 0.003 ± 0.016 0.047 nd 0.000 0.004 ± 0.004 0.013 1.063 ± 0.218 0.655 
Summer/95 0.027 ± 0.035 0.104 0.003 ± 0.005 0.015 0.015 ± 0.009 0.028 0.273 ± 0.236 0.708 
Sediment 
Autumn/94 0.021 ±0.041 0.123 0.003 ± 0.004 0.012 0.003 ± 0.003 0.010 1.633 ± 0.153 0.458 
w Dissolved Vl 
Winter/93 * * * * 1.500 ± 2.523 7.570 0.104 ± 0.070 0.210 
Autumn/94 * * * * 0.070 ± 0.105 0.314 0.116±0.019 0.056 
Winter/95 * * * * 0.193 ± 0.203 0.610 0.194 ± 0.038 0.115 
Spring/95b * * * * 0.104 ± 0.155 0.466 0.195 ± 0.030 0.091 
Surnmer/95 * * * * 0.171 ±0.128 0.385 0.197 ± 0.019 0.057 
dl - detection limit (3 cr); nd -below limits of detection; * -no analysis performed; t Autumn/93 and winter/93 samples were analysed together 
and therefore the detection limits quoted for autumn/93 apply to winter/93 also. 
the sample matrix. The standard addition method used required the addition of three 
standards to the sample. Standards were prepared using spectrosol standards (BDH) made 
up in IM HCl (AristaR). Sample and standard additions were all performed in triplicate to 
derive an average absorbance for each from which a calibration line could be derived. The 
minimum RSD accepted for replicate analysis was < 5% and acceptance criterion for all 
calibrations was r ~ 0.995. 
Optimisation of the GF AAS temperature programme for Ni in SPM was also performed in 
order to further eliminate any interferences. This programme was then applied to 
determining Ni in sediments without further modification. Optimisation was achieved by 
cycling through the char and subsequently atomisation temperature to produce an 
optimisation curve (illustrated for Ni in Figure 2.4.). The optimum furnace programme 
was then obtained by identifing the temperature that gave maximum absorbance and 
smoothest peak profile. Full details of the furnace programme used, instrument operating 
parameters and standards employed are given in Appendix A. 
Figure 2.4. Char temperature (a) and atomisation temperature (b) optimisation curves for 
the detection of Ni in I M HCl digest of SPM. 
Dissolved Ni concentrations were analysed usmg linear calibration with Zeeman 
background correction. The standards required were previously prepared during the 
extraction of the dissolved samples (Section 2.2.2.). All the standards (four) were 
analysed in triplicate and a calibration line fitted using the average absorbance obtained for 
each standard. A minimum correlation coefficient of r ~ 0. 995 was accepted for all 
calibrations and complete re-calibration occured after 10 sample analysis. Samples were 
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analysed in triplicate and a minimum RSD of 5% accepted. Full details of the furnace 
programme used, instrument operating parameterS and standards employed for the 
dissolved Ni analysis can be found in Appendix A. 
Detection limits (determined as 3 a of the blank) and blank concentrations obtained for Ni 
using GF AAS are given in Table 2.6. The pooled estimate of the common population 
variance indicates that the cumulative errors for each sample (incorporating weighing 
errors, blank errors and analytical errors) are small (i.e. < 2 %) compared to the overali 
concentration of particulate Fe, Mn, Zn and Ni. 
2.2.5. Quality Assurance. 
To ensure accuracy and inter-cruise analytical precision of the dissolved data metal 
concentrations were verified by analyses of Certified Reference Materials SLEW -1 
(estuarine water) CASS-2 (coastal water) and CASS-3 (coastal water) provided by the 
National Research Council Canada (NRCC) as part of the Marine Analytical Chemistry 
Standards Program (MACSP). Aliquots(200 ml) were extracted using the same procedure 
as for the samples (Section 2.2.2.). lihe results of these quality control samples are 
presented in Table 2. 7. 
Table 2.7. Certified and detected concentrations of dissolved Ni and Zn in Certified 
Reference Seawater. 




Average detected value 
(J.Ig ("I) 
Ni Zn 
0.80± 0.08 0.76 ± 0.04 
0.42 ±.0.13 2.23 ± 0.12 
0.37 ± 0.07 1.31 ± 0.22 




0.743 ± 0,078 0.86 ± 0.15 
0.298±0;Q36 1.97 ± 0.12 
0.386 ± 0:062 1.24 ± 0,25 
Results indicate there is good agreement with the CASS-3 standard and determined 
concentrations for Ni and Zn which are both within 5 % of the certified values, 
Determined values for the SLEW-I and CASS-2 standards are not as accurate with the 
concentrations determined for the SLEW -1 standard within 7 % of the certified value for 
Ni and 12 % for Zn and the concentrations determined for the CASS-2 standard 
overestimated by up to 30% and 22 %, respectively for Ni and Zn. 
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The reproducibility of trace metal concentrations determined in sediment samples was 
assured by the analysis of Certified Reference Materials MESS-I, BCSS-1 and PACS-1 
supplied by the NRCC through MACSP. Samples of each (approximately 0.2 g) were 
digested for 24 hours in IM HCl (AristaR) observing the same procedure used for 
digesting all SPM and sediment samples (Section 2.2.1.). The concentrations determined 
for these samples and the certified values are presented in Table 2.8. 
Table 2.8. Certified and determined mean± standard deviation concentrations of Fe, Mn, 
Zn and Ni in Marine Sediment Reference Materials. Certified concentrations are total 
(HF) digests, determined concentrations are lM HCI digests, n = 4. 
Fe (J.lg g-1) Mn (J.lg g-1) Zn (J.lg g-1) Ni (J.lg g-1) 
MESS-I 
Certified 30496 ± 1749 513 ± 25 191 ± 17 29.5 ± 2.7 
Determined 4390 ± 280 83 ± 4 95 ± 2 6.8 ± 0.6 
Mean Recovery 14.4% 16.3% 49.9% 23.0% 
BCSS-1 
Certified 32874 ± 979 299 ± 15 119 ± 12 55.3 ± 3.6 
Determined 7100 ± 260 54± 3 50± 3 16.3 ± 2.3 
Mean Recovery 21.6% 23.4% 42.1% 29.5% 
PACS-1 
Certified 48681 ± 839 470 ± 12 824 ± 22 44.1±2.0 
Determined 18120 ± 780 132±4 678 ± 27 20.7±1.1 
Mean Recovery 37.2% 28.2% 82.4% 47.0% 
Unfortunately there are no certified trace metal concentrations for lM HCl extractable 
metals available and therefore the accuracy of these analysis cannot be determined. 
However comparison of the percentage of trace metal recovered using a 1M HCl digest to 
that yielded using a total digest indicates variability for each metal analysed and for each 
standard sediment digested, highlighting the selectivity of 1M HCl as a leach. For 
example, the percentage recovery of Fe and Mn for each standard sediment were generally 
similar ranging from 14.4 % and 16.3 %, for Fe and Mn respectively, for the MESS-I 
standard sediment but increased to 21.6% and 23.4% removal for the BCSS-1 standard 
sediment and reached a maximum removal of 37.2 % and 28.2 % for the contaminated 
P ACS-1 standard sediment. The elements Ni and Zn displayed a similar trend of increased 
percentage trace metal removal with increased concentration of element in the original 
standard sediment although the percentage of these metals removed by 1 M HCI was much 
greater then the percentage of Fe and Mn removed. For example, the percentage of Ni 
removed by IM HCI varied from 23.0 % to 47.0% for standard sediments BCSS-1 and 
PACS-1, respectively. Similarly, the percentage of Zn removed varied from 49.9 %to 
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82.4 % for the same standard sediments. However, the low coefficients of variation 
(typically in the range of 3.7-6.4% for Fe; 3.0-5.5% for Mn; 2.1-6.0% for Zn; 5.3-8.8% 
for Ni) obtained for replicate analysis of each standard sediment indicates the 
reproducibilty of the digestion and analysis technique ensuring consistency of analysis for 
the cruise samples. 
2.3. Radiochemical Experiments. 
2. 3.1. Introduction. 
Radiochemical experiments to examine the particle-solute partitioning of Ni and Zn with 
respect to different particle types were undertaken during various cruises in the Humber 
coastal zone using the 13-emitting radioisotope 63Ni and the y-emitting radioisotope 65Zn. 
The application of radiolabelled 63Ni to study particle-solute interactions of Ni in the 
marine environment is a relatively novel technique and has only been used in a limited 
number of previous studies (Barbeau and Wollast, 1994). Therefore, considerable effort 
was devoted to designing a protocol to analyse radiolabelled Ni counts in the dissolved and 
particulate phase. Also due to the lack of radiochemical studies performed on Ni 
behaviour in the Humber coastal zone, compared to 65zn reactivity studies which have 
already been carried out in the Humber coastal zone (Turner et al., 1992a; Turner et al., 
1993; Millward et al., 1994), a number of radiochemical experiments were performed 
using 63Ni only. Table 2.9 summarises the radiochemical experiments carried out during 
each cruise. 
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2. 3. 2. Manipulation of Radioisotopes. 
The 63Ni and 65zn radioisotope solutions required for all experiments were prepared from 
original stock solutions of the radioisotopes prior to each cruise. The carrier-free 63Ni was 
obtained as a stock solution, contained in dilute (< 0.01 M) HCI from A.mersham 
International. This stock solution was diluted using Milli-Q water and acidified to pH I 
with a spike of 1M HCI to prevent adsorption of the 63Ni to the walls of the container. 
Samples were subsequently spiked with a I 00 J.ll aliquot of this solution which had an 
activity of 1.77 x 109 Bq J-1 and yielded a dissolved Ni concentration of approximately 
0.44 Jlg J-1 in the reactor vessel. The radiolabelled 65zn was similarly prepared from a 
stock solution of r-emitting 65zn (Amersham International) held in O.IM HCI. A 30Jll 
spike of diluted 65zn was added to each sample resulting in pico-molar concentrations of 
65zn being present in the reactor vessel. 
2. 3. 3. Kinetic Uptake Experiments. 
Samples of surface water were collected, using Go-Fio bottles, during anchor stations in 
the mouth of the Humber Estuary and at the Holdemess Cliffs (corresponding to sites I 
and 2, respectively, in Figure 2.5.). Specifically, the samples were collected at low tide 
(Salinity = 27.960) during the Humber anchor station and at maximum ebb (Salinity = 
34.298) during the Holderness anchor station. Five 50 ml aliquots of water were obtained 
directly from each Go-Fio bottle and placed into Teflon beakers. The beakers were 
subsequently transferred to an isolated area in the interior of the clean chemistry container 
where all radiochemistry was performed. A 100 Jll spike of the 63Ni solution was added to 
each solution followed by a 100 Jll aliquot of O.IM NaOH (AristaR), if required, to buffer 
any reduction in pH caused by the 63Ni spike and maintain a natural pH of 8.0 ± 0.3. The 
samples were then covered and and each sample type (i.e. Humber and Holdemess) 
incubated for a period of either 0.25, 0.5, 1, 2 or 5 days at ambient seawater temperature, 
10.85 ± 0.21 °C, using a flow cell which was continually flushed with seawater from the 
ship's non-toxic supply. Regular stirring of the samples prevented particle settling and 
frequent exposure to the atmosphere impeded the development of anoxic conditions. The 
dissolved oxygen content of each sample was also measured periodically throughout the 
incubation, using a dissolved oxygen meter (YSI 58, Clandon/YSI Ltd), to ensure anoxic 
conditions had not developed. The pH was also regularly measured to maintain the sample 
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at a neutral pH. Individual samples were filtered under vacuum through pre-weighed, 0.45 
J.lm pore size, cellulose acetate filters using micro filtration apparatus. Filters were then 
stored in individual petri dishes at room temperature and the filtrate transferred to a 
sealable polyethylene pot and acidified to pH 1 with concentrated HCl (AristaR) to prevent 
surface adsorption of 63Ni onto the container walls. Samples were then stored until shore-
based counting was undertaken. 
2.3.4. Five Day Partition Coefficients. 
Aliquots of SO ml of near surface water were collected using Go-Flo sampling bottles from 
sites around the Humber-Wash sampling grid (see Figure 2.5.). Each water sample was 
transferred into a Teflon beaker and spiked with 100 111 of the 63Ni solution followed by 
aliquots of 0.1 M NaOH (AristaR), as required, to neutralise the pH. All samples were then 
incubated for a period of S days prior to filtration through a 0.45 J.lm filter and storage of 





Figure 2.5. Sampling sites for five day partition coefficient experiments. 
2.3.5. Partitioning Experiments with Particles of Different Settling Velocities. 
Samples of SPM of different settling velocities were obtained using a SVT as previously 
described in Section 2.1.3. The SVT was deployed at maximum flood during an anchor 
station in the mouth of the Humber Estuary (Salinity = 33.819) and at maximum ebb 
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(Salinity = 34.297) during an anchor station at Holdemess. A 50 ml sub-sample of 
unfiltered water was taken from each of the five fractions collected from the two SVT's 
and was subsequently placed in a Teflon beaker. As previously described each sample was 
then spiked with radioactive Ni, the pH of the suspensions balanced and the samples 
incubated for five days at ambient seawater temperature. Samples were then filtered to 
yield the particulate and dissolved fractions and treated as before. 
2. 3. 6. Mixing Experiments. 
2.3 .6.1. Effluent Mixing Experiments. 
Prior to the survey of winter/93 a sample of industrial effluent was collected from the 
discharge pipe at the British Petroleum (BP) chemicals site Saltend, situated on the 
northern banks of the Humber Estuary (see Section 2.1.5. for details). Industrial effluent 
is a significant source of dissolved trace metals including Ni and Zn to the Humber 
Estuary and therefore mixing experiments were undertaken to simulate the discharge of the 
BP effluent into Humber Estuary waters. The aim of the experiment was to investigate the 
behaviour of dissolved Ni and Zn when transferred from a complex effluent into estuarine 
waters in order to understand the fate of these metals in the Humber Estuary. Two effluent 
mixing experiments were performed. The first involved the mixing of the BP effluent into 
waters of different salinities to examine if point of release of effluent into the estuary 
effected dissolved Ni and Zn partitioning behaviour. This experiment specifically used 
filtered water to make up the salinity gradient to assess salinity effects only and to prevent 
particle concentration influencing the experiment. The second experiment involved the 
mixing of the BP effluent with Humber water collected outside the BP chemicals site. The 
two end-members were mixed in different proportions to simulate the mixing of the 
effluent with turbid Humber Estuary water in the immediate vicinity of the outfall. 
2. 3. 6.1.1. Effluent-Salinity Gradient Mixing Experiment. 
A 500 J.d spike of 63Ni was added to a 20 ml sample of unfiltered effluent collected from 
the BP Chemicals site at Saltend (Figure 2.3.}. The pH of the resulting solution was 
adjusted to 7.05 ± 0.45 using 50 J.ll of O.IM NaOH (AristaR) and incubated, for 24 hours, 
at seawater temperature in the flow through cell. End-member water samples collected 
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from the River Ouse, Boothferry, (Salinity = 0.29) and Spurn Head (Salinity = 34.559) 
were individually filtered through a 0.4 Jlm Nuclepore filter and the resulting filtrates 
mixed in varying proportions in 50 ml polyethylene reactor vessels such that an estuarine 
(salinity) gradient was created with the final volume in each reactor totalling 50 ml. Table 
2.10. summarises the salinities obtained for each reactor vessel which were derived from 
the assumption of conservative mixing of end-members. After 24 hours, 4 ml of water 
was removed from each of the five samples comprising the salinity gradient. This 4 ml was 
discarded and immediately replaced with 4 ml of the BP effluent containing the 
radiolabelled Ni. The mixture was then stirred and left to incubate at ambient seawater 
temperature for 5 days. 
Table 2.10. Experimental conditions for salinity gradient mixing experiments. 
63Ni 65zn 
Sample Salinity pH SPM pH SPM 
(mg J-1) (mgJ-1) 
34.56 7.75 266 7.73 530 
2 19.35 7.48 181 7.61 342 
3 9.68 7.45 91 7.63 241 
4 4.84 7.53 56 7.63 151 
5 0.29 7.72 40 7.77 89 
Samples were filtered under vacuum through pre-weighed, 0.45Jlm cellulose acetate filters 
using micro-filtration apparatus. Attempts were made to filter the entire sample however 
due to the formation of an unknown fine, white precipitate rapid filter blockage occurred 
and in some cases only 10 ml was obtained. The volume of sample filtered was recorded 
and the filtrate acidified to pH 1 with concentrated HCI (AristaR) and stored in a 
polyethylene sealable pot. Filters were stored in individual petri-dishes. 
This experiment was also carried out in duplicate for 65zn. In the initial step a further 20 
m! aliquot of unfiltered BP Chemicals effluent water was spiked with l25f.Jl of y-emitting 
65zn. A similar salinity gradient to that for 63Ni was created, experimental conditions are 
outlined in Table 2.10., and each reactor was spiked with 4 ml of the equilibrated 65Zn 
contained in the BP effluent after discarding 4 ml of water. Samples were incubated and 
treated identically as described above. 
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2. 3. 6. 2.1. Effluent-Estuarine SPM Mixing Experiment. 
A 20 m! sample of unfiltered BP effluent was spiked with 500 ~I of 63Ni solution and left 
to equilibrate for 24 hours, as previously described in Section 2.3.6.1. An effluent-
estuarine SPM mixing gradient was created by mixing unfiltered Humber Estuary water 
collected outside the BP Chemicals site at Saltend (Salinity = 12.75) with unfiltered BP 
effluent. Five mixed suspensions totalling 50 m! in volume each were created and are 
summarised in Table 2.11. This approach aimed to simulate the mixing of the BP effluent 
into the turbid Humber Estuary waters in the immediate vicinity of the outfall. Again, as 
previously described, 4 m! of suspension was withdrawn from each sample comprising the 
mixing gradient and immediately replaced by 4 ml of the BP effluent containing the 63Ni 
and the suspensions thoroughly stirred. The samples were incubated for 5 days and then 
treated in the normal way. This experiment was also carried out in duplicate for 65Zn. 
Experimental conditions for the 65zn incubations are also included in Table 2.11. 
Table 2.11. Experimental conditions for effluent mixing experiments. 
63Ni 6szn 
Mixing gradient Salinity pH SPM pH SPM 
(mg 1-1) (mg J-1) 
100% BP+ 0% Hu 0.5 7.52 168 1.50 178 
15% BP + 25% Hu 3.56 1.55 258 1.60 471 
50% BP + 50% Hu 6.63 7.53 301 7.58 538 
25% BP + 15% Hu 9.67 1.50 349 1.55 381 
0% BP+ 100% Hu 12.74 7.73 414 7.58 378 
BP = BP Chemicals effluent collected from Saltend. 
Hu =Humber Estuary water collected outside the BP site, Saltend. 
2.3.6.2. Humber-Holderness Particle Mixing Experiment. 
This experiment aimed to simulate the mixing of eroded cliff material from Holderness 
with Humber Estuary derived particles in the Humber plume. A particle mixing gradient, 
comprising of six samples of 50 ml volume each, was created using water collected from 
the mouth of the Humber Estuary (Salinity = 33.81) and the Holdemess Cliffs, Moat Farm 
(Salinity= 34.39), see Table 2.12. To each suspension a I 00 ~I spike of 63Ni solution was 
directly added, with no prior equilibration step. Samples were then left to incubate for 5 
days and were filtered as usual. This experiment was also performed in duplicate using 
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6Szn, which like the 63Ni, was directly added to the suspensions with no prior equilibration 
period. 
Table 2.12. Experimental conditions for particle mixing experiments. 
Mixing gradient 
1 00% Humber + 0% Holderness 
80% Humber + 20% Holderness 
60% Humber + 40% Holderness 
40% Humber + 60% Holderness 
20% Humber + 80% Holderness 
0% Humber + 100% Holderness 

































Productivity experiments were undertaken in the spring and summer of 1995 to assess if 
biologically mediated uptake of Ni and Zn occurs within the Humber coastal zone. These 
experiments were undertaken in collaboration with Southampton University Department of 
Oceanography (SUDO) who performed simultaneous experiments using 14C to estimate 
primary productivity levels and also used radiolabelled 33p and ISN species (nitrate, 
ammonia and urea) to examine nutrient uptake. The protocol employed to examine the 
uptake of 63Ni and 6Szn was therefore designed to compliment the existing methodology 




NITRITE & PHOSPHATE 
[CHLOROPHYLL & PI-IAEOCYSTISj 
[PHYTOP~TON SPECIES] 
[PARTICULATE TRACE METALS] 
Water sample collected 
from productivity site 
Water colounm 
parameters 







Figure 2.6. Schematic summary of determinations made, water column parameters logged 
and incubations performed for each productivity experiment undertaken. DWIR = 
downwelling irradiance. 
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Ancillary data was also provided by Plymouth Marine Laboratories (PML) who provided 
continuous underway monitoring of nutrients (phosphate, nitrate, nitrite and silicate) in 
surface waters of the Humber coastal zone throughout the cruises. Water samples from 
each productivity CID were collected in glass bottles, preserved in lugols or formalin and 
stored at room temperature for subsequent shore-based microscopic analysis of 
phytoplankton species by PML. A SPM sample was also collected (as described in 
Section 2.1.2.) for each productivity experiment in order for particulate trace metal 
concentrations of the water sample to be determined. A summary of all determinations 
made, water column parameters logged and incubations performed in connection with each 
productivity experiment is outlined schematically in Figure 2.6. 
A near surface water sample was collected using a Go-Flo bottle following a pre-dawn 
CTD deployment. Sampling sites were selected on the basis of their high productivity 
levels as assessed from continuously logged fluorescence readings. Table 2.13 summarises 
the date and location of all productivity experiments undertaken; sampling locations are 
also illustrated in Figure 2.7. 
Table 2.13. Location and date of productivity experiments 
Cruise Productivity Date Position 
Experiment No. 
Spring/95a I 2nd April 1995 53° 04' .5 N ooo 59' .2 E 
2 3rd April 1995 53° 15'.3 N ooo 39'.4 E 
3 4th April 1995 53° 39'.3 N 00° 57'.7 E 
Summer/95 4 2nd July 1995 53° 25' .2 N 00° 46' .3 E 
5 lOth July 1995 53° 43'.7 N 00° 39'.4 E 






Figure 2. 7. Sampling locations for productivity experiments. 
The water sample collected was transferred from the Go-Flo bottle into a plastic carboy 
from where 60 ml sub-samples of water were decanted into 60 ml Nalgene polycarbonate 
bottles. These bottles were selected because of their light transmission properties and 
permeability to gases; a 60 ml volume bottle was used as it fitted the existing incubators. 
Samples were spiked with either a 100 111 aliquot of P-emitting 63Ni or 30 111 of r-emitting 
65Zn. The pH of the water sample was checked and reduced to 7.5 with 100 111 of 0.1M 
NaOH if required. Control samples were also poisoned with an aliquot of HgCI2 solution 
(concentration 3 11g mi-1) in order to inhibit all biological activity and assess particle 
processes only. Samples were incubated, on-deck, from dawn to dusk using a system 
designed for simulated in situ incubations (see Figure 2.8.). The apparatus consisted of a 
series of 6 Perspex tubes, with different neutral density filters to give a range of light 
transmission of97, 75, 36, 21, 6 and 1% of ambient irradiance. Up to three polycarbonate 
bottles, each containing a water sample and radioactive spike, could be slotted into a 
selected tube where upon surface seawater would be pumped through each tube to 
maintain the samples at ambient temperature. Due to a limitation of resources the 63Ni and 
65zn bottles were only incubated in the two extreme light transmission levels of 97% and 
1% ambient irradiance, referred to from now on as the light and dark respectively. For 
each sampling site 3 replicates samples were incubated in the light and 3 replicates in the 
dark for both 63Ni and 65Zn with one sample for each isotope poisoned and incubated in 
the dark. To prevent any effect of ship's light at night, the samples were collected at dusk 
and stored in a dark container in the laboratory overnight. After 24 hour incubation each 
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Piping for water suppl/ 
Deck of Ship Legs to secure incubator to deck 
Figure 2.8. Diagram of the incubator used in the productivity experiments. 
sample was filtered, under vacuum, through a 0.2 ~m pore size Nuclepore polycarbonate 
membrane filter. Filters were rinsed with a small aliquot of fi ltered seawater, dried and then 
stored in individual petri dishes at room temperature. The volume of filtrate recovered was 
recorded in order that the SPM concentration of the water sample can be calculated. The 
filtrate was then transferred to a polyethylene pot, acidified to pH 1 and stored at room 
temperature. 
2.3.8. Analysis of Radiochemical Samples. 
2.3.8.1. Gamma Spectroscopy. 
Filters containing the particulate phase were initially dried to constant weight in a laminar 
flow hood and re-weighed to establish the weight of SPM on the filter. Both the filter and 
filtrate were then counted for 1 000 s on a high resolution Germanium crystal, coaxial 
detector (Ortec Ltd) with live time correction connected to a Canberra Series 80 
Multichannel Analyser (Turner et al. , 1992a). The range of counting errors was from 1.23 
%for counts of27000 (over 1000' s) to ISO% for counts of30. However the vast majority 
of counts gave errors of < 10 %. 
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Results have been expressed as Kd's, calculated as follows (Li et al., 1984a; Turner et al., 
1993): 
(2.1.) 
where ~ and A. are the blank corrected count rates on the filter and in solution, 
respectively; V is the volume of solution in ml; m is the mass of particles on the filter in 
mg; f is the geometry correction factor determined from the ratio of measured activities 
per spike absorbed in a blank filter and dissolved in 50 ml filtered water and p is the 
density of seawater, taken as 1.025 g ml-1. The units of Kd are ml g-1, although for 
convenience it is assumed that a volume of 1 ml water is equivalent to a mass of 1 g, 
rendering Kd dimensionless. 
2.3.8.2. Scintillation Counting. 
A 500 Jll aliquot of dissolved filtrate was directly transferred into 4 ml of liquid 
scintillation cocktail (Ultima Gold) and the sample counted for 20 minutes on a Phillips 
PW4700 Liquid Scintillation Counter. This was repeated in triplicate for each filtrate. 
The uptake of Ni onto the particulate phase was then evaluated using a mass balance 
calculation based on the known activity of 63Ni added in the original spike. Control 
samples assessing loss of 63Ni via adsorption onto container walls during the incubation 
and storage of samples were performed. This involved the spiking and incubation of a 
sample of filtered seawater. Dissolved counts indicated there was negligible removal of 
63Ni from solution confirming that loss of 63Ni via adsorption to the container walls was 
negligible. Filters containing the particulate phase were dried to constant weight in a 
laminar flow hood and re-weighed to calculate the weight of SPM on the filter which 
together with the calculated counts in the dissolved and particulate phase were used to 
estimate Kd using Equation 2.1. The range of counting errors was from 2.6% for counts 
of 1500 to 18% for blank counts of approximately 30. However the majority of counting 
errors for the samples were in the range of 2-10 %. 
Filters from the kinetic uptake experiment (Section 2.3.3.) were subject to sequential 
elution by selective leaches to examine the the availabilty of 63Ni. This involved the 
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mounting of the filters in Millipore micro-filtration units and slowly eluting the filter with 
10 ml 1M NH.tOAc (BDH AnalaR) followed by 10 ml 1M HCl (AristaR) in order to 
determine the exchangeable (Calmano and Forstner, 1983; Tessier and Campbell, 1987) 
and leachable (Luoma and Bryan, 1981; Johnson, 1986) fractions, respectively. The 
filtrate from each leach was collected separately and analysed as usual. Finally the filter 
was digested in 10 ml of 50% HN03 (AnalaR) for 24 hours in order to determine the 
residual fraction. Mass balance calculations confirmed the recovery of 90 - 110 % of the 
63Ni originally added. Results from this experiment are presented as a percentage 
indicating the fraction of 63Ni recovered by each leach out of the total dissolved 63Ni 
initially added to the sample. 
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Chapter 3 - Trace Metals in the LOIS Coastal Zone. 
3.1. Introduction. 
This chapter will initially consider the seasonal distribution of the particulate trace metals 
Fe, Mn, Ni and Zn in the coastal waters of North East Britain encompassing the estuarine 
plumes of the Humber, Tees, Tyne and Tweed estuaries as monitored during six LOIS 
surveys in this region. The LOIS cruises were CHI08A/93, November 1993; CH108C/93, 
December 1993; CH115A/94, November 1994; CH117A/95, January 1995; CH118B/95, 
April1995 and CH119C/95, July 1995 and will be referred to as the autumn/93, winter/93, 
autumn/94, winter/95, spring/95b and summer/95 cruises, respectively, throughout the 
text. The following section will individually examine the behaviour of particulate Ni (Nip) 
and Zn (Zfip) in the Humber coastal zone. This will include a discussion of the 
distributions of Ni and Zn in SPM and sediments in the Humber coastal zone, particulate 
and dissolved fluxes of Ni and Zn into the region from the Humber Estuary and the 
seasonal partitioning of these metals as a function of SPM. These results will be 
interpreted in the context of the geochemical processes influencing trace metal 
distributions and transport in the Humber coastal zone. The current Ni and Zn dataset will 
also be integrated with trace metal concentration data collected from the Humber coastal 
zone as part of the North Sea Community Project (NSCP). Results from three of these 
cruises, CH42/88, 15-29 December 1988; CH65/90, 6-17 May 1990; CH69/90, 26 July- 7 
August 1990, referred to as the winter/88, spring/90 and summer/90 cruises, respectively, 
in the text, have been included in the discussion in order to aid the interpretation of the 
LOIS results and to examine medium to long term trends in Ni and Zn distributions. The 
final section of this chapter will compare the different geochemical trends observed for 
particulate Ni and Zn in the Humber coastal zone. 
3.2. Trace Metal Distributions in the LOIS Coastal Zone. 
The distributions of the particulate trace metals Fe, Mn, Zn and Ni in the coastal waters of 
north east Britain during LOIS surveys in autumn/93, winter/93, autumn/94, winter/95, 
spring/95b and summer/95 are illustrated in Figures 3.1-3.6, respectively. A 
comprehensive listing of all trace metal concentrations is given in Appendix B. In 
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autumn/93 highest trace metal concentrations were detected at the mouth of the Humber 
Estuary and associated plume and along the inner coastal track adjacent to the Tees and 
Tyne estuaries, reflecting the importance of these industrialised estuaries as sources of 
contaminated SPM. In comparison, particulate trace metal concentrations recorded along 
the outer coastal track decreased seawards probably due to the dilution of contaminated 
estuarine SPM by marine SPM of lower trace metal content. For example, particulate Fe 
(Fep) concentrations decreased from 15-20 mg g-1 at the mouth of the Tees and Tyne to 5-
10 mg g-1 on the outer coastal track. Similarly ZnP concentrations reduced from 125-150 
J.lg g-1 on the nearshore coastal track to 7 5-1 00 J.lg g-1 offshore during autumn 1993. The 
lowest trace metal concentrations recorded over this period were at the base of the 
Holdemess Cliffs where concentrations of FeP were< 5 mg g-1 and lowest concentrations 
of particulate Mn (Mop), Zllp and NiP were 150, 39 and 2.2 J.lg g-1, respectively, indicating 
the uncontaminated nature of material from the eroding boulder clay cliffs. 
Comparison of these distribution plots to conditions in winter/93 (Figure 3.2.) indicate a 
significant change in trace metal distributions. During winter/93, elevated trace metal 
concentrations were not only observed at the mouth of the Humber estuary and plume 
environment but throughout the Humber coastal zone as far south as the Norfolk coastline 
and northwards along the Holdemess Cliffs. During this survey maximum concentrations 
ofF~, MOp, Zllp and NiP of 18 mg g-1, 840 J.lg g-1, 370 J.lg g-1 and 25 J.lg g-1, respectively, 
were detected offshore. The mean SPM concentration recorded for all cruises throughout 
the whole coastal zone and for the Humber coastal zone only is presented in Table 3.1. 
along with significant correlations of SPM as a function of salinity in the Humber coastal 
zone and the residual flow recorded for the Humber mouth. Comparison of these 
parameters for autumn/93 and winter/93 provides some explanation for the trace metal 
distributions observed. For example in autumn/93 SPM concentrations are relatively high 
throughout the whole coastal zone and Humber wash coastal zone at 18 ± 35 mg 1-1 and 
28 ± 46 mg 1-1, respectively. In winter/93 however the SPM concentrations are slightly 
higher with lower standard deviations at 25 ± 30 mg 1-1 and 31 ± 35 mg 1-1, respectively 
for the whole coastal zone and the Humber coastal zone, indicating a more uniform 
distribution of SPM concentration throughout the region. The regression of SPM against 
salinity for the Humber coastal zone is significant for both autumn/93 and winter/93 
however the r2 (p < 0.05) obtained for autumn/93 was much lower at 0.52 compared to 
0.84 for winter/93. This could suggest that in autumn/93 the estuary was not the only 
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source of SPM to the region and possibly the Holdemess Cliffs were also a significant 
source at this time. 
Table 3.1. Mean SPM concentration oftheWhole Coastal Zone and Humber-Wash Coastal 
Zone during the LOIS surveys. 
Cruise Mean SPM Concentration (mg J-1) SPM-Salinity r2 Residual flow at 
Humber-Tweed Humber-Wash for Humber Wash Humber mouth # 
Coastal Zone Coastal Zone Coastal Zone* (m3s-l) 
Autum.n/93 18 ± 35 28 ± 46 0.52 670 
Winter/93 25 ±30 31 ± 35 0.84 
Autum.n/94 7.8 ± 11 9.7 ± 14 0.82 165 
Winter/95 21 ± 19 28 ± 21 0.33 425 
Spring/95b 5.7 ± 12 10 ± 18 0.36 345 
Summ.er/95 2.5 ± 3.6 4.5 ± 4.9 0.50 70 
* r2 significant for p < 0.05. N Residual flows estimated from residual velocities at the Humber Mouth 
using the Humber Plume model (Wood, 1993) and the cross sectional area of the channel at the mouth. 
Residual flows apply for the tidal and river flow conditions prevelant during the survey period 
(Millward et al., 1996). 
Meteorological wind data for all the surveys is presented in Figure 3.7. and it can be seen 
that in autumn/93 (Figure 3.7.a and b) the winds were predominantly northerly for up to 
30-40 % of the survey at a mean wind speed of 15 knots. Therefore, any SPM or 
resuspended nearshore sediments from the Holdemess Cliffs could have been driven 
southwards by the prevailing winds, diluting trace metal concentrations in the Plume and 
limiting the effects of the high residual flow recorded at the Humber mouth at this time of 
670 m3s-1. This would of then given rise to the trace metal distributions observed of low 
inshore concentrations adjacent to the Holdemess Cliffs and a contained Plume of high 
metal concentrations close to the Humber mouth. In contrast, in winter/93 the Humber 
Estuary was a significant source of SPM to the region (r2 = 0.84) indicating less input 
from the Holderness Cliffs. The winds at this time (Figure 3.7.c and d) were 
predominantly northeasterly and easterly at approximately 15 knots therefore possibly 
trapping any Holdemess material close to the coast. Unfortunately the residual flow from 
the Humber mouth for this period is unavailable but these results suggest it was 
significantly higher than average encouraging the spreading of the Plume to the southwest 
and west, giving rise to the high metal concentrations observed throughout the region. 
During autumn/94, mean SPM concentrations for both the whole coastal zone and the 
Humber coastal zone decreased to 7.8 ± 11 mg J-1 and 9.7 ± 14 mg J-1, respectively. This 
reduction in SPM concentration in the coastal waters is also reflected in the particulate 
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trace metal distributions where high concentrations were confmed to the mouth of the 
Humber Estuary and offshore concentrations were low. During this period the Humber 
Estuary was a significant source of SPM to the region (r2 = 0.82) however the residual 
flow from the Estuary at this time was low at 16S m3s-l supporting a confined Plume with 
elevated trace metal concentrations only at the Humber mouth. The winds over this period 
(Figure 3.7. e and f) were calmer at approximately 10 knots and were predominantly 
northwesterly which would have assisted the spreading of the Plume along the coastline in 
a southeasterly direction away from Holdemess therefore leading to lower trace metal 
concentrations observed at Holdemess and higher trace metal concentrations along the 
coast to the south. 
In winter/9S mean SPM concentrations recovered to values observed during winter/93, i.e. 
21 ± 19 mg I-1 and 28 ± 21 mg J-1 for the whole coastal zone and Humber coastal zone, 
respectively. Similarly, during this period particulate Fe, Mn and Ni concentrations also 
increased to the levels observed in winter/93 with F€1>, MnP and NiP displaying uniformly 
high concentrations (i.e. IS-20 mg g-1 for Fe; 800-1000 j.lg g-1 for Mn; 20-3S j.lg g-1 for 
Ni) throughout the Humber coastal zone including the Holdemess coast and along the 
length of the Humber-Tweed coastal track. Concentrations of Zllp were slightly 
anomalous as they were much lower than observed in winter/93 (typically 12S-1SO j.lg g- 1 
compared to > 200 j.lg g·1 in winter/93). The residual flow from the Humber Estuary at 
this time was above average at 42S m3s-l suggesting a potential spreading of the Plume 
deep into the coastal zone. However, the Humber Estuary was not a significant source of 
SPM to the Humber coastal zone at this time (r2 = 0.33) indicating other potential sources 
of SPM. The Holdemess Cliffs could be considered a source but due to the high metal 
concentrations recorded adjacent to the cliffs this is unlikely and perhaps a more probable 
source of SPM could be due to the resuspension of contaminated sediments which would 
support the high trace metal concentrations observed. The winds during this survey 
(Figure 3.7. g and h) were predominantly north easterly and easterly with average wind 
speeds of about 15 knots which at Donna Nook persisted for 40 % of the time. This gave 
rise to waves from the easterly direction and resuspension of bed sediments to give 
relatively uniform SPM concentrations as evidenced by the transmission traces produced 







20 < . < 30 
15 < . < 20 
10 < • < 15 
5 < • < 10 
• < 5 
200 <. 
150 < . < 200 
125 < . < 150 
100 < . < 125 
75 < . < 100 





















1000 < . < 1200 
800 < • <1000 
600 < • < 800 
400 < • < 600 





20< . < 35 
15 < . < 20 
10 < • < 15 
5 < • < 10 




• I OE 2 OE 
Figure 3. 1. Distribution of particulate trace metals in the coastal waters of North Eastern 
Britain during auturnn/93; a) Fe b) Mn c) Zn d) Ni . Units for Fe concentrations are rng g-1, 
all other concentrations are Jlg g-' . Fixed anchor station sites are indicated (0). Boxed 
symbols refer to range of concentrations detected during hourly sampling throughout a 
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Figure 3 .2. Distribution of particulate trace metals in the coastal waters of North Eastern 
Britain during winter/93; a) Fe b) Mn c) Zn d) Ni. Units for Fe concentrations are mg g-1, 
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Figure 3.3. Distribution of particulate trace metals in the coastal waters of North Eastern 
Britain during autumn/94; a) Fe b) Mn c) Zn d) Ni. Units for Fe concentrations are mg g-1, 
all other concentrations are jlg g-1. Fixed anchor station sites are indicated (D). Boxed 
symbols refer to range of concentrations detected during hourly sampling throughout a 
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Figure 3.4. Distribution of particulate trace metals in the coastal waters of North Eastern 
Britain during winter/95; a) Fe b) Mn c) Zn d) Ni . Units for Fe concentrations are mg g-1 , 
all other concentrations are 11g g-1. Fixed anchor station sites are indicated (D). Boxed 
symbols refer to range of concentrations detected during hourly sampling throughout a 
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Figure 3.5. Distribution of particulate trace metals in the coastal waters of North Eastern 
Britain during spring/95b; a) Fe b) Mn c) Zn d) Ni. Units for Fe concentrations are mg g-1, 
all other concentrations are Jlg g-1 . Fixed anchor station sites are indicated (0 ). Boxed 
symbols refer to range of concentrations detected during hourly sampling throughout a 
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Figure 3.6. Distribution of particulate trace metals in the coastal waters of North Eastern 
Britain during surnmer/95; a) Fe b) Mn c) Zn d) Ni . Units for Fe concentrations are mg g-
1, all other concentrations are j.lg g-1 . Fixed anchor station sites are indicated (0 ). Boxed 
symbols refer to range of concentrations detected during hourly sampling throughout a 
tidal cycle at the anchor station site. ND denotes a metal concentration that was below the 
limits of detection. 
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Figure 3.7. Spider plots indicate the direction (Degrees true) the wind came from as a% 
of time for the duration of the survey. Adjacent bar graphs show the mean wind speed 
(Knots) recorded over the same time period for each wind direction. Readings were taken 
from the meteorological stations Donna Nook and Bridlington for surveys in a) and b) 
Autumn/93 and c) and d) Winter/93 . 
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Figure 3.7. Spider plots indicate the direction (Degrees true) the wind came from as a % 
of time for the duration of the survey. Adjacent bar graphs show the mean wind speed 
(Knots) recorded over the same time period for each wind direction. Readings were taken 
from the meteorological stations Donna Nook and Bridlington for surveys in e) and f) 
Autumn/94 and g) and h) Winter/95. 
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Figure 3.7. Spider plots indicate the direction (Degrees true) the wind came from as a % 
of time for the duration of the survey. Adjacent bar graphs show the mean wind speed 
(Knots) recorded over the same time period for each wind direction. Readings were taken 
from the meteorological stations Donna Nook and Bridlington for surveys in i) and j) 
spring/95b and k) and I) summer/95. 
64 
In spring/95b SPM concentrations decreased to levels similar to those observed in 
autumn/94 at 5.7 ± 12 mg 1-1 and 10 ± 18 mg 1-1 for the whole coastal zone and Humber 
coastal zone, respectively. The large standard deviation obtained for the mean SPM 
concentrations reflecting high SPM concentrations detected along the coastline and a 
strong concentration gradient offshore. A notable trend being that the offshore SPM 
gradient is more obvious under calmer weather conditions. Particulate trace metal 
concentrations during this period follow a similar trend to the SPM with generally high 
concentrations along the inner coastal track and lower offshore. Particulate Fe and Mn 
clearly show this distribution in Figure 3.5 a and b. Higher concentrations of particulate 
trace metals were also evident at the mouth of the Tyne estuary during this survey and 
concentrations recorded directly at the mouth and to the south of the estuary equalled those 
detected at the Humber mouth anchor station. Weather conditions over this period were 
much calmer with the residual flow from the Humber Estuary average at 345 m3s-1 and 
winds (Figure 3.7. i and j) at approximately 10 knots. Although an exception being the 
southerly winds which had a mean wind speed of up to 20 knots and dominated for up to 
30 % of the time possibly pushing the plume northwards towards the cliffs. The Humber 
Estuary was not a significant source of SPM to the Humber coastal zone at this time (r2 = 
0.36) and this could indicate the importance of other SPM sources such as the Holdemess 
Cliffs or even biogenically derived matter. In summer/95 (Figure 3.6.) there was a further 
depletion in particulate trace metal concentrations in the coastal waters of north east 
Britain. Mean SPM concentrations for the whole coastal zone for this period were at a 
seasonal minima of2.5 ± 3.6 mg 1-1, as was the mean concentration for the Humber coastal 
zone at 4.5 ± 4.9 mg 1-1. Particulate trace metal concentrations declined along with the 
reduction in SPM, with concentrations along the inshore coastal track low at 5-10 mg g-1 
for FeP, 400-600 J.lg g-1 for Mnp, < 75 J.lg g-1 for ZnP and 10-15 J.lg g-1 for NiP. The 
exceptions were the mouths of the Tyne and Humber Estuaries, which still had elevated 
trace metal concentrations. Offshore concentrations of FeP, MnP, ZnP and NiP were 
generally lower than the inshore values with many particulate trace metals concentrations 
non-detectable (represented as ND in Figure 3.6.). The Humber Estuary was a significant 
source of SPM to the region over this period (r2 = 0.50) but the residual flow from the 
Humber Estuary for summer/95 was minimal at 70 m3s-l and winds were generally mixed 
in direction but calm at approximately 5-l 0 knots leading to the low SPM concentrations 
in the Plume and low particulate trace metal concentrations. 
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3.3. Estuary-Coastal futeractions ofNi in the Humber Coastal Zone. 
3. 3. 1. Distribution of Particulate Ni. 
The seasonal and inter-annual variability in NiP distribution throughout the Humber coastal 
zone is presented in Figures 3.8 a-h representing distributions observed during winter/88 
and spring/90 NSCP cruises and autumn/93, winter/93, autumn/94, winter/95, spring/95b 
and summer/95 LOIS cruises. Elevated concentrations of NiP were consistently recorded 
at or near to the mouth of the Humber Estuary but their extension offshore declined on 
going from winter to summer indicating a distinct seasonal variability in NiP distribution 
throughout the Humber Coastal Zone. Such seasonal variability can be observed by direct 
comparison of Figure 3.8 a (winter/88) where concentrations of NiP were in excess of 35 
J.lg g-1 throughout the entire Humber coastal zone region with Figure 3.8 b (spring/90} in 
which elevated Ni concentrations (20-35 11g g-1) were limited to the mouth of the Humber 
Estuary and nearshore plume environment, with offshore concentrations in the range of 5-
10 J.lg g·l. Similarly, comparisons of Figures 3.8 e-g show distributions observed from 
autumn/94, winter/95, spring/95b and summer/95 and demonstrate marked variation 
between consecutive seasons with concentrations ranging from 20-35 J.lg g-1 throughout 
the coastal zone in the winter to 10-15 J.lg g-1 in the summer. 
A seasonality in NiP distribution is also evident in the data in Table 3.2. which presents the 
mean NiP concentration recorded in the coastal zone for each survey. 
Table 3.2. Seasonal variation in mean Nip concentration in the Humber coastal zone. 
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Figure 3.8. Seasonal variation in NiP (Jlg g-1) distribution throughout the Humber-Wash coastal zone for a) winter/88 b) spring/90 c) autumn/93 d) 
winter/93. Fixed anchor station sites are indicated (Q. Boxed symbols refer to range of concentrations detected during hourly sampling throughout a tidal 
cycle at the anchor station site. 
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Figure 3 .8. continued. Seasonal variation in Nir (f.lg g-1) distribution throughout the Humber-Wash coastal zone for e) autumn/94 f) winter/95 g) 
spring/95b h) summer/95 . Fixed anchor station sites are indicated ( Q. Boxed symbols refer to range of concentrations detected during hourly sampling 
throughout a tidal cycle at the anchor station site. 
Highest mean NiP concentrations of36 ± 6.I, I9 ± 5.5 and 20 ± 4.7 j.lg 1-1 were obseiVed 
for the cruises of winter/88, winter/93 and winter/95, respectively, the low coefficient of 
variation reflecting the uniformity of the high concentrations throughout the region. The 
lowest mean NiP concentration of I2 ± 5.7 j.lg g-1 was obseiVed during summer/95 
however as with the autumn/winter cruises a low coefficient of variation was obtained due 
to the consistently low NiP concentrations detected within the coastal zone. In contrast, 
during the cruises of spring/90 and spring/95b the intermediate mean Ni concentrations 
obseiVed of I4 ± 11 and I6 ± 6.1 j.lg g-1, respectively, had a larger coefficient of variation 
due to the steep NiP concentration gradient extending from the Humber mouth to the outer 
plume. 
Comparisons to previously reported Ni concentrations in the Humber plume are presented 
in Table 3.3. The mean particulate Ni concentration reported by Tappin et al., (I995) is 
similar to the values obtained for NiP during the spring/95 suiVey of this study and 
indicates consistency between the concentrations determined. 
Table 3.3. Comparison of previously reported SPM and sediment concentrations of NiP 
within the Humber coastal region. Mean ± standard deviation or range of concentrations is 
given. 
Location Date Extraction technique Concentration Ref. 
(j.ig g-1) 
SPM 
Humber Estuary Jan I988 HOAc/NH20H.HCl 24± 5 I 
Jul I989 HOAc/NH20H.HCl 26±2 I 
Humber Plume Dec I988 HOAc/NH20H.HCl 20±2 I 
May I990 H0Ac/NH20H.HC1 30±6 I 
Humber Plume May I989 IMHCl I4± 9 2 
Humber near-shore Summer I99I cone. HN03 42-5I 3 
North Sea Jan I980 HF 20-80 4 
Sediments 
Humber Estuary Jun I985 cone. HN03/H20 2.HC1 * 39 5 
Humber Estuary Jun-Jul 1988 X-ray flouresence 55 (median) 6 
North Sea I986 cone. HN03 42.5 ± 7.75 7 
I Turner et al., 1991; 2 Tappin et al., 1995; 3 Laslett, 1995; 4 Nolting and Eisma, 1988; 5 Barr et al., 1990; 
6 Grant and Middleton, 1990 7 Irion and Muller, 1990. *details of digestion given in Bamett and Ashcroft, 
1985. 
However due to the different extraction techniques used by the other authors and the 
known selectivity of IM HCl as a leach it is not possible to draw direct comparisons to the 
other concentrations reported in the table. For example the concentration of Ni recovered 
from a selection of standard sediments by IM HCl (Section 2.2.5.) indicated that IM HCI 
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only recovered 23-47 % of the Ni present in a sample compared to a total digest technique 
(i.e. HF) therefore confirming that Ni concentrations determined using a total digestion 
technique are not comparable. 
In order to establish the significance of the Humber Estuary in determining NiP 
distributions in the coastal zone the Ni-salinity relationship for each cruise was analysed 
using least-squares linear regression. Assuming NiP has a normal and independent 
distribution at a given salinity, the variance (r2) can be obtained and the extent to which 
salinity accounts for the distributions observed estimated. Values of r2 for statistically 
significant (P < 0.05) linear relationships, with salinity as the independent variable, are 
given in Table 3.4. Plots of the salinity-metal relationships have not been included in this 
section as although trace metal deviation from a conservative mixing line can give an 
indication of trace metal removal or addition within an estuarine mixing zone, Morris 
(I 990) commented that non-conservative behaviour is difficult to detect when only a small 
amount of removal occurs and suggested that analytical methods are not sensitive enough 
to detect many of the microscopic removal processes that may be occurring. Therefore the 
approach taken within this chapter is that at the macroscopic level (i.e. when you get a 
significant correlation between metal concentration and salinity) you are assuming 
conservative behaviour based on the sensitivity of the analytical technique. 
The results indicate that for the surveys of winter/88, spring/90, autumn/94 and winter/95 
NiP displays a significant inverse relationship to salinity. The Humber Estuary is therefore 
a significant source of NiP to the Humber Coastal zone over an annual cycle. The seasonal 
variation in NiP distribution observed between winter/SS and spring/90, Figures 3.8 a and 
b, respectively, can therefore be largely related to seasonal variations in the flux of NiP and 
freshwater flow from the Estuary at this time. Table 3.6. lists output fluxes of dissolved 
and particulate Ni from the Humber Estuary, calculated from measurements of dissolved 
and particulate Ni over a tidal cycle at the mouth of the Humber Estuary combined with 
estimates of residual flow at the Humber Mouth (Wood, 1993). The estimated total Ni 
flux for winter/8S, averaged from two anchor stations, was 142 kg day-1 which compares 
to a total Ni flux of 35 kg day-1 for spring/90. The residual flows (see Table 3.5.) for the 
Humber Estuary for the same periods, winter/88 and spring/90 were 350 m3 s-1 and 
175 m3 s-1, respectively. There is therefore a significant seasonal signal in the discharge of 
total Ni from the Humber Estuary and hence the persistently high NiP concentrations 
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observed throughout the coastal zone in winter/88 (Figure 3.8 a) are likely to have been 
sustained by the larger flux of total Ni (142 kg day-1) released from the estuary at this 
period coupled with an increased freshwater flow (350m3 s·l compared to 175m3 s·I for 
spring/90) which cumulatively may have induced a lateral buoyant spreading of the plume 
boundary into the Humber coastal zone transporting NiP beyond the estuary mouth. 
Conversely in spring/90 (Figure 3.8 b) the lower freshwater flow and decreased total Ni 
flux are likely to have confined N4, distribution close to the mouth of the Humber Estuary. 
Table 3.4. Values of r2 for significant (P<0.05) linear relationships between dissolved and 
particulate Ni concentrations and salinity and FeP for data collected throughout the 
Humber-Wash Coastal Zone. The spaces indicate no signiftcant correlation. 
Cruise Salinity Fe 
Winter/88 NiP 0.26 0.54a 
Nid 0.80 0.55a 
Spring/90 NiP 0.47 0.75a 
Nid 0.97 0.79a 
Summer/90 NiP 
Nid 
Autumn/93 NiP 0.34a 
Nid 
Winter/93 NiP 0.62a 
Nid 
Autumn/94 NiP 0.34 
Nid 
Winter/95 NiP 0.31 0.33a 
Nid 




- data unavailable; llpositive slope. 
No signiftcant relationships between salinity and NiP in the Humber coastal zone were 
found for surveys in autumn/93, winter/93, spring/95b and summer/95 indicating that NiP 
may have other important sources within the region. Eroded clay particles from the 
Holderness Cliffs are recognised as a dominant source of SPM to the region providing an 
annual sediment supply of 1.4 x 106 t a·l to the North Sea (McCave, 1987). Analysis of 
samples of Holdemess cliff material, collected from two sites situated along the 
Holdemess cliffs (Moat Farm and Easington- see Figure 2.3.) in winter 1993, has revealed 
NiP concentrations of 6.03±0.04 and 8.48 ± 0.38 11g g-1 for Moat Farm and Easington, 
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respectively, indicating that transport of eroded particles into the Humber plume to be 
another significant source (27 kg day-1) of NiP to the Humber coastal zone. In addition, 
the concentrations of NiP in eroded cliff material were significantly lower than average NiP 
concentrations recorded in the coastal zone (see Table 3.2.) highlighting their potential to 
dilute elevated NiP concentrations derived from the Humber Estuary. An additional supply 
of NiP to the region is from the resuspension of coastal zone sediments during storm 
events. Sediment samples were collected throughout the Humber coastal zone in 
autumn/94 and results of the analysis of the <63 J.lm sediment fraction are shown in Figure 
3.9. Concentrations ranged between 10-50 J.lg g-1 throughout the region with highest 
concentrations of >50 J.lg g-1 detected at the mouth of the Humber Estuary. The lowest 
concentrations of <1 0 J.lg g-1 were recorded along the nearshore Holdemess coast, 
confirming the uncontaminated nature of these particles. Plume sediments generally 
exhibited intermediate concentrations in the range of 10-30 J.lg g-1 indicative of the mixing 
of Humber and Holdemess particles although some relatively offshore sites exhibited NiP 
concentrations in the range of 40-50 J.lg g-1 providing confirmation that the bouyant 
spreading of the plume, as previously mentioned in this section, does occur resulting in the 
transport of high NiP concentrations to the sediments of the outer coastal zone. These 
contaminated sediments will hence be an important source of NiP to the coastal zone 
during resuspension. It is therefore likely that the deviation from conservative behaviour 
observed for NiP in SPM in the Humber coastal zone is due to the complex mixing of 
particle end-members of varying particulate Ni concentrations, such as estuarine derived 
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Figure 3.9. Surface sediment concentrations (<63 J.lm fraction) of Ni (J.lg g-1) in the 
Humber coastal zone in autumn/94. 
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3. 3. 2. Dissolved and Particulate Ni at Anchor Stations in the Humber Coastal Zone. 
Results of particulate and dissolved Ni behaviour at anchor stations throughout the 
Humber coastal zone over fifteen sampling periods are presented in Figures 3.10 a-o. 
Figures 3 .I 0 e, i, and m show NiP concentrations only. A summary of the master variables 
corresponding to each survey are given in Table 3.5. The variability in salinity for the 
Humber mouth anchor stations was related to the rate of freshwater flow; hence high 
residual flows of 350, 670 and 425 m3 s-1 recorded during the winter periods account for 
lower mean salinities of 30.8, 29.6 and 28.5 for winter/88, autumn/93 and winter/94, 
respectively. Similarly in spring/summer lower residual flows of 175, 90 and 70 m3 s-1 
induced higher mean salinities of 32.2, 32.4 and 32.6 for spring/90, summer/90 and 
summer/95, respectively. For anchor stations located near Spurn Head and Holdemess 
mean salinities increased away from the Humber Mouth reflecting a reduction in the 
propagation of the freshwater signal. This is particularly evident in Figures 3.10. h; i; j. 
illustrating the salinity profile over anchor stations at the Humber mouth, Spurn Head and 
Holdemess, respectively, in winter/95. The salinity scale has been kept constant in all 
three plots and the reduction in the intrusion of low salinity water throughout the tidal 
cycle is evident moving northwards up the coast, away from the Humber mouth, with the 
mean salinities decreasing from 28.53 at the Humber mouth to 33.20 at Spurn Head and 
34.24 at Holderness. Figures 3.10 k and 1 also show a similar comparison for anchor 
stations at the Humber mouth and Spurn Head for the survey in spring/95b. During this 
survey average salinities decreased from 30.79 at the Humber mouth to 33.54 at Spurn 
Head, the slightly higher salinities recorded for this survey compared to winter/95 
reflecting the lower residual flow of 345 m3 s-1 in spring/95b (c.f. to 425 m3 s-1 for 
winter/95) which wouldn't have induced the spreading of the plume boundary as far 
northwards as in winter/95. The SPM concentrations for the Humber mouth anchor 
stations varied with residual flow recorded at the Humber mouth and tidal range. 
Regression of tidal range against SPM produces a significant correlation of r2 = 0.64 at 
p < 0.05 for all the nine Humber mouth anchor stations indicating that spring and neap 
tides significantly influence the SPM concentration recorded at the Humber mouth. Hence 
during autumn/94 residual flow at the Humber mouth is relatively low at 165 m3 s-1 but 
SPM concentrations in the Humber mouth are high at 290 ± 300 mg t-1 due to a large tidal 
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Table3.5. Mean± Standard Deviation of master variables at Humber Mouth, Holderness, Spurn Head and Wash anchor stations. 
Tidal Range Salinity Temp SPM Chlorophyll Residual flow at 
Survey Date Location (m)* ec) (mg (-1) (J.lg (-I) Humber Mouthb 
(m3 s-1) 
Winter/88( I )a 21-22 Dec 1988 Humber Mouth 4.9 30.81 ± 1.67 6.82 ± 0.24 56± 29 0.7±0.1 350 
Winter/88(2)a 27-28 Dec 1988 Humber Mouth 4.9 30.73 ± 1.27 7.20 ± 0.08 81 ± 1.3 0.6 ± 0.1 350 
Spring/9oa 6-7 May 1990 Humber Mouth 4.7 32.19 ± 1.00 11.68 ± 0.58 21 ± 11 3.5 ± 1.3 175 
Summer/90a 2 Aug 1990 Humber Mouth 2.9 32.37 ± 0.61 17.99 ± 0.33 2.4± 1.3 2.2 ± 1.1 90 
Autumn/93 21 Nov 1993 Humber Mouth 3.0 29.63 ± 1.55 6.77 ± 0.33 100 ±58 NIA 670 
Autumn/94 4-5 Nov 1994 Humber Mouth 7.5 31.10±2.09 10.17±0.27 290 ± 300 N/A 165 
-..1 6 Nov 1994 Holderness 6.2 34.30 ± 0.00 11.05 ± 0.03 5.9 ± 1.5 NIA 
""" Winter/95 22-23 Jan 1995 Humber Mouth 5.0 28.53 ± 2.07 4.77 ± 0.19 220 ± 130 NIA 425 
29 Jan 1995 Spurn Head 4.2 33.20 ± 1.22 5.20 ± 0.24 53± 24 NIA 
28 Jan 1995 Holderness 4.2 34.24 ± 0.00 5.71 ± 0.13 33 ± 5.0 N/A 
Spring/95b 17-18 Apr 1995 Humber Mouth 6.5 30.79 ± 2.71 8.56 ± 0.38 310 ± 280 N/A 345 
23 Apr 1995 Spurn Head 3.8 33.54 ± 0.72 7.91 ± 0.45 39± 28 N/A 
24-25 Apr 1995 The Wash 3.4 32.67 ± 0.26 8.67 ± 0.14 5.8 ± 1.5 NIA 
Summer/95 I July 1995 Humber Mouth 4.9 32.59 ± 1.16 14.66 ± 0.55 61 ±47 1.4±1.5 70 
8-9 July 1995 Spurn Head 3.9 33.85 ± 0.29 14.93 ± 0.58 9.2 ± 3.8 0.7±0.1 
aoata taken from Kilts et al. (1994); *Tidal range at Spurn Head; bwood (1993); N/A Denotes data is unavailable. 
a) b) 
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Figure 3.1 0. Particulate ( ~ and dissolved ( .&) Ni as a function of time and Salinity (-_, at anchor station in the mouth of the Humber Estuary for surveys 
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Figure 3 .l 0. continued. Particulate ( 11) and dissolved ( &) Ni as a function of time and Salinity ( •) at anchor station in the mouth of the Humber Estuary 
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Figure 3.10. continued. Particulate (~and dissolved (A) Ni as a function of time and Salinity (•) at an anchor station in the mouth of the Humber 
Estuary during surveys e) autumn/93 and f) autumn/94 and at anchor station adjacent to the Holderness cliffs (g) during survey autumn/94. 
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Figure 3.10. continued. Particulate (~and dissolved(&) Ni as a function oftime and Salinity (e) at an anchor station h) in the mouth of the Humber 
Estuary i) North of Spurn Head and j) adjacent to the Holderness cliffs during survey winter/95. 
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Figure 3.1 0. continued. Particulate ( 11) and dissolved (A) Ni as a function of time and Salinity (e) at an anchor station k) in the mouth of the Humber 
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Figure 3.1 0. continued. Particulate ( 11) and dissolved (A) Ni as a function of time and Salinity ( ~ at an anchor station n) in the mouth of the Humber 
Estuary and o) North of Spurn Head during survey summer/95. 
range of 7.5 m. In comparison during autumn/93 residual flow at the Humber mouth was 
elevated to 670m3 s-1 but SPM concentrations at the Humber mouth were low at 100 ±58 
mg 1-1 due to the low tidal range of 3.0 m. Equally during the summer surveys of 1990 
and 1995 the residual flows were low during both cruises at 90 and 70 m3 s-1, respectively, 
however a tidal range of 2. 9 m recorded for summer/90 resulted in exceptionally low SPM 
concentrations at the Humber mouth of 2.4 ± 1.3 mg 1-1 compared to SPM concentrations 
of 61 ± 47 mg 1-1 for summer/95 which had a greater tidal range of 4. 9 m. The increase in 
chlorophyll concentrations in spring and summer was indicative of the higher proportion 
of biogenic material present in the SPM at this period. 
The mean dissolved and particulate Ni concentrations over the fifteen anchor stations are 
presented in Table 3.6. Dissolved Ni concentrations over the Humber mouth anchor 
stations were in the range of 1.56-2.15 11g 1-1 and showed limited seasonal variation. 
Anchor stations located at Spurn Head and Holderness displayed much lower Nid 
concentrations of between 0.40-0.77 IJg 1-1 for Spurn Head declining to 0.25-0.37 IJg 1-1 
for Holdemess indicating a reduction in Nid concentration away from the influence of the 
Humber Plume. Mean NiP concentrations at the Humber mouth ranged from 45.4 ~Jg g-1-
20.7 ~Jg g-1 with high mean values of 44.3 ± 2.9 IJg g-1 and 45.4 ± 1.5 11g g-1 recorded 
during two anchor stations in winter/88. A mean NiP concentration of 28.8 ± 3.5 11g g-1 
was registered m winter/95 indicating a potential seasonal trend of higher mean NiP 
concentrations at the mouth of the Humber Estuary in the winter regressing to 
comparatively lower values in the summer, i.e. 21.4 ± 6.3 ~Jg g-1 and 20.7 ± 5.8 11g g-1 for 
summer 1990 and 1995, respectively. As with the Nid concentrations, NiP concentrations 
for the anchor stations located around the Holdemess coast showed a reduction in mean 
NiP concentration with distance away from the Humber mouth. For example, for the 
winter/95 survey mean NiP concentrations decreased from 28.8 IJg g-1 at the Humber 
mouth to 24.8 11g g-1 at Spurn Head to 18.2 IJg g-1 further north at Holderness (Figures 
3.1 0. h; j and i) illustrating the reduction in the impact of the estuarine signal moving 
northwards up the coast. This reason for the decrease in NiP concentration northwards is 
not known but could be due to either the permanently suspended material from the 
Humber mouth (a) mixing with uncontaminated SPM advecting from the North or (b) 




Table 3 .6. Mean ± Standard deviation of dissolved and particulate Ni concentrations over all anchor stations. Fluxes of dissolved 
and particulate Ni from the Humber mouth to the North Sea are also given and have been used to calculate an integrated annual 
average total Ni flux from the Humber Estuary which is compared to NRA estimates ofNi inputs into the Humber Estuary. 
Cruise Location Mean Ni concentrations Ni Flux (kg day-1) Ni Flux Ni Inputs 
(kg day-1) (kg day-1) 
Dissolved Ni Particulate Ni Dissolved Particulate Integrated River, Sewage, 
(J.lg l-1) (J.lg g-1) annual averaget Industry:j: 
Winter/88( I) Humber mouth 1.56 ± 0.53* 44.3 ± 2.9 47 75 167 193 
Winter/88(2) Humber mouth 1.65 ± 0.41 * 45.4 ± 1.5 50 Ill 
Spring/90 Humber mouth 1.77 ± 0.64* 24.0 ± 4.0 27.7 7.6 
Summer/90 Humber mouth 2.15 ± 0.63* 21.4 ± 6.3 16.7 0.4 
Autumn/93 Humber mouth NIA 24.1±3.2 NIA 145 
Autumn/94 Humber mouth 1.67 ± 0.61 20.9 ± 6.0 23.8 87 
Holdemess 0.37±0.10 14.8 ± 6.2 
Winter/95 Humber mouth 1.41 ± 0.52 28.8 ± 3.5 52 237 
Spurn Head N/A 24.8 ± 5.3 
Holderness 0.25 ± 0.10 18.2 ± 3.4 
Spring/95b Humber mouth 1.76 ± 1.01 22.4± 10.9 52 207 
Spurn Head 0.77 ± 0.40 23.4 ± 5.4 
The Wash NIA 25.9 ± 14.6 
Summer/95 Humber mouth 1.80 ± 0.74 20.7 ± 5.8 10.9 7.6 
Spurn Head 0.40 ± 0.43 11.1 ± 6.1 
Holderness Cliffs 27# 
* From Althaus (1992); N/A denotes data is not available; # assuming a constant erosion rate of 3.84 kt day-1; t Integrated annual average (IAA) 
calculated by adding the dissolved and particulate Ni flux for cruises CH115C/95, CH117A/95, CHllSB/95 and CH119C/95 to give a average total Ni 
flux for November, January, April and July, respectively. Each value was multiplied by 90 days to obtain a typical value for each season of the year 
which was used to derive the IAA.; t Ni inputs into the Humber Estuary (including river, sewage and industry inputs) for 1992 from NRA (l993b). 
Table 3.6. also lists the dissolved and particulate fluxes of Ni from the Humber mouth 
calculated using the mean dissolved and particulate Ni concentrations observed for the 
Humber mouth anchor stations coupled with the residual flow estimated for the mouth of 
the estuary. The fluxes indicate that despite the limited range of Ni.! concentrations 
exhibited throughout the year at the Humber mouth there is a large range of dissolved metal 
transport out of the Humber estuary varying from a rniniumum of 10.9 kg day-1 during 
summer/95 to a maximum of 52 kg day-1 during both autumn/94 and winter/95. The 
proportion ofNi transported in the dissolved phase out of the total Ni in the water column 
also varies significantly from a maximum of 98% of total Ni in the dissolved phase in 
summer/90 to only 18% of total Ni in the dissolved phase in winter/95. Figure 3.11. 
illustrates a plot of dissolved and particulate Ni fluxes as a function of residual flow and it 
can be seen that the variability in Ni.! flux throughout the year can be accounted for by the 
variation in residual flow at the Humber mouth with a significant correlation ofr2 = 0.97 at 
p < 0.05 (n = 8) between the two parameters. In contrast. the Nip flux is not significantly 
correlated to residual flow (r2 = 0.49 at p < 0.05 ). However as previously discussed in this 
section SPM concentrations at the Humber mouth were shown to vary with both residual 
flow and tidal range and therefore it could be the influence of other factors such as tidal 
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Figure 3 .11. Mean particulate ( •) and dissolved (•) ± standard deviation Ni fluxes as a 
function of residual flow. 
Also given in Table 3.6. is an estimate of the integrated annual average (IAA) Ni flux from 
the Humber mouth to the North Sea based on the dissolved and particulate Ni fluxes 
calculated for the surveys in autumn/94, winter/95, spring/95 and summer/95. Comparison 
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of the IAA value, of 167 kg day-1, to available NRA estimates of total Ni inputs (including 
river, sewage and industry sources) into the Humber Estuary for 1992 (NRA, 1993b) at 
193 kg day-1 indicates that a small proportion of Ni is unaccounted for. This could 
indicate that there is some retention of Ni within the Humber Estuary. Alternatively the 
method used to calculate the Ni flux, which relied upon sample collection at a single point 
in the transect of the Humber Estuary and near the waters surface where bedload transport 
would not of been accounted for, could have contributed to an underestimate of the 
particulate Ni flux out of the estuary. 
Regression analyses of dissolved and particulate Ni concentrations at the mouth of the 
Humber Estuary against salinity are given in Table 3.7. and showed that for each anchor 
station survey Nid has a significant inverse relationship to salinity, indicating that Nid 
consistently exhibits conservative behaviour within the Humber Estuary. 
Table 3.7. Values of r2 for significant (P<0.05) linear relationships between dissolved and 
particulate Ni concentrations and salinity and FeP for data collected at an anchor station in 
the mouth of the Humber Estuary. The spaces indicate no significant correlation. 
Cruise Salinity FeP 
Winter/88(1) NiP 0.49 
Nid 0.75 0.6la 
Winter/88(2) NiP 
Nid 0.84 0.42a 
Spring/90 NiP 0.67 0.64a 
Nid 0.97 0.68a 




Autumn/94 NiP 0.57a 
Nid 0.85 
Winter/95 NiP 0.31a 
Nid 0.65 
Spring/95b NiP 0.42 0.45a 
Nid 0.57 o.na 
Summer/95 NiP 0.44 0.93a 
Nid 0.55 0.61a 
- data unavailable; 3positive slope. 
These findings are consistent with those reported by Burton et al. (1993) for Nid in the 
Humber Estuary and Humber-Wash Plume and Tappin et al. (1995) for waters influenced 
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by the Humber-Wash and Elbe-Weser discharges during four seasonal surveys. 
Regression analysis of NiP concentrations as a function of salinity in the mouth of the 
Humber Estuary (Table 3.7.) indicates that only surveys in winter/88(1), spring/90, 
spring/95b and summer/95 displayed significant relationships to salinity. The remaining 
surveys, notably predominantly autumn/winter cruises (i.e. winter/88(2), summer/90, 
auturnn/93, autumn/94 and winter/95) showed no positive correlation to salinity indicating 
that N4 concentrations over these survey periods were substantially influenced by factors 
other than the conservative mixing of river and seawater. Examination of NiP 
concentrations over these particular anchor stations, illustrated in Figures 3 .lO.b ; d; e; f 
and g as a function of time and salinity, shows that the peaks in NiP concentrations are 
generally out of phase with the salinity profile with elevated NiP concentrations recorded 
either prior to or after low tide. This observation suggests that during periods of maximum 
flood or ebb currents NiP is being resuspended from sediments in the mouth of the Humber 
Estuary causing persistent maxima in NiP concentrations. Analysis of NiP in sediments 
from the mouth of the Humber Estuary, as discussed in the previous section, revealed NiP 
concentrations in excess of 50 flg g-1 at the mouth of the Humber Estuary. However 
maximum NiP concentrations recorded in SPM during all the anchor station surveys 
showed that NiP concentrations never reached 50 flg g-1 and were generally below this 
value indicating that if resuspension of Humber mouth sediments was to account for the 
peaks in NiP concentration observed than instantaneous dilution of this material, most 
likely by eroded Holderness cliff particles of known low Ni concentration, must have 
occured simultaneously. However, it is possible that the particles containing high NiP 
concentrations could have been transported as bed load and would not have been detected 
by the sampling approach used in this study. 
3. 3. 3. Effects of Particle Size and Density on Particulate Ni Behaviour. 
A number of potential sources of NiP to the Humber coastal zone have been identified in 
this study, namely estuarine derived SPM, Holdemess cliff material and resuspended 
sediments. In order to establish the importance of each source in controlling NiP 
concentrations in the region, the relationship between NiP concentration and SPM 
concentration was interpreted by application of the Duinker model (Duinker, 1983). The 
Duinker model (see Figure 3.12.) was developed to describe the relationship between trace 
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element content in SPM and particulate load and considered SPM to consist of a small, 
low density fraction that is permanently in suspension and present at low SPM 
concentrations and a larger, denser fraction dominant at high SPM concentrations derived 
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Fimre 3.12. The Duinker model; a schematic relation between element content m 
suspended matter (J.lg g-1) and particulate load (mg J-1). 
Metals which preferentially associate with the permanently suspended SPM fraction, 
usually consisting of small detrital material, high in organic carbon which provides good 
sorption sites for trace metals, are classed as group I (i.e. Cd, Cu). Metals that are 
preferentially associated with the resuspended SPM fraction, usually high in mineral 
content, are classed as group II (i.e. Fe, AI). Intermediate metals showing no preference 
are classed as group m (i.e. Cr). Duinker's classification of particulate metals, based on 
studies of the Rhine Estuary and adjacent coastal area, are listed in Table 3.8. along with 
results from Kersten et al. (1988) who applied data from the North Sea to the model. 
Table 3. 8. Previous classifications of particulate metals according to the Duinker model. 




Cu, Cd, Zn, Pb Fe, Al, Ti, K, Mn 
Cu, Cd Fe, Al, Ti, V 
Humber Coastal Zone Fe, Mn, Ni, Zn 
1 Duinker, 1993; 2 Kersten et al., 1988; 3 Results from this study. 
m 
Cr, Ca, Si 




Nickel data have not been previously applied to this model however Figure 3.13. shows 
NiP concentration as a function of SPM concentration for the Humber coastal zone. Data 
shown on this plot consists of NiP concentrations from throughout the Humber coastal 
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zone, (including anchor station data) collected during the six LOIS surveys in autum.n/93, 
winter/93, autumn/94, winter/95, spring/9Sb and sum.mer/95. It can be seen from the plot 
that Nip in the Humber coastal zone predominantly displayed group II behaviour. Highest 
Ni concentrations of - 20-35 J..lg g-1 were dominant at SPM concentrations in excess of 
SO mg 1-1 and up to a maximum of 1000 mg 1-1 and represented samples collected in or near 
to the mouth of the Humber Estuary. The lowest Nip concentrations (minimum of2 j..lg g-1) 
were associated with the lowest concentrations of SPM and consisted of samples collected 
adjacent to the Holdemess coast. All remaining data points exhibited intermediate 
concentrations between these two extremes and represented samples collected in the 
Humber plume and outer coastal zone. An exception being samples collected in spring/9Sb 
which had higher Nip concentrations at low SPM concentrations. However, the overall 
distribution profile would indicate that Nip was preferentially associated with higher SPM 
concentrations, as opposed to the lower SPM concentrations typical of trace metals, and 
further suggests that greatest Nip concentrations in the Humber coastal zone were caused by 
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Figure 3. 13. Plot of SPM concentration ( mg 1-1) as a function of Nip concentration (J..lg g-1) 
for samples collected from the Humber-Wash Coastal Zone during autum.n/93 (• ), 
winter/93 ( ), autumn/94 (e), winter/94 (• ), spring/9Sb (• ) and summer/95 (• ). Averaged 
Ni concentrations (J..lg g-1) ± standard deviation for Humber mouth (.&), Plume (•) and 
Holderness (e) sediments collected during autumn/94 are also shown. Solid line represents 
predicted Nip concentration as a function of SPM concentration from Equation 3. 1. 
The reason for the association of Ni to the larger SPM fraction is not known but could be 
explained by the adsorption ofNi onto Fe coatings. Turner et al. (1991) observed particles 
of elevated specific surface area (SSA) within the Humber Estuary and attributed their 
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enhanced area to the rapid and effective precipitation of anthropogenic Fe. The leachable 
Fe content of Humber particles is high due to the discharge of large quantities of acid iron 
waste, up to 115,000 kg day-1 (Tioxide, 1994) into the estuary and the role of Fe and Mn 
coatings in enhancing the SSA of particles has been previously implicated (Glegg et al., 
1987; Millward et al., 1989). Therefore, as a particle-reactive metal, actively undergoing 
uptake onto metal-oxide coatings (Tessier et al., 1984) and previously established as 
associating with iron and manganese oxides in the Humber estuary (Comber et al., 1995) 
the adsorption ofNi onto freshly precipitated Fe coatings could account for the association 
of Ni with larger particles within the Humber coastal zone. However, an assumption of 
the Duinker model is that the larger SPM fraction is also the denser component of the SPM 
and there is no data (results from Chapter 4 are inconclusive) to indicate that FeP 
preferentially associates with the denser SPM fraction and therefore other factors could be 
accountable. 
Sediment concentrations of Ni determined in the Humber mouth, plume and off the 
Holdemess coast are also plotted on Figure 3.13. for comparison to NiP concentrations in 
SPM. It can be seen that concentrations of Ni in plume sedirnents (average 28.6 ± 10.4 11g 
g-1) are consistent with concentrations of Ni observed at the mouth of the estuary 
supporting the contention that elevated Ni concentrations within the plume could be 
controlled by the temporary resuspension of larger sized, Humber derived SPM settled 
within the plume. The lower NiP concentrations being related to a fmer, permanently 
suspended SPM fraction of low Ni content such as that derived from Holdemess. The 
large standard deviation obtained for Ni concentrations in plume sediments is probably an 
artefact of the dilution of Humber estuary SPM and resuspended Humber mouth sediments 
( 43.7 ± 6.1 Jlg g-1) by Holdemess material of lower metal content (6.4 ± 1.6 Jlg g·1). 
Application of the Humber coastal zone F~ data to the Duinker model is shown in Figure 
3.14. where the FeP concentration of particles in the Humber coastal zone is plotted as a 
function of SPM concentration. As observed with NiP, FeP also displays Group ll 
behaviour with greatest FeP concentrations ( -15-20 mg g-1) associated with higher SPM 
concentrations and lowest FeP concentrations (-1 mg g·l) found at low concentrations of 
SPM, suggesting that FeP and NiP are controlled by similar processes within the Humber 
coastal zone. 
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Figure 3.14. Plot of SPM concentration (mg l-1) as a function ofFep concentration (mg g-1) 
for samples collected from the Humber-Wash Coastal Zone during auturnn/93 (• ), 
winter/93 ( ), autumn/94 (• ), winter/95 (• ), spring/95 ( • ) and summer/95 ( • ). Averaged 
Fe concentrations (!lg g-1) ± standard deviation for Humber mouth (.A), Plume (•) and 
Coastal (e) sediments collected during autumn/94 are also shown. Solid line represents 
predicted Fep concentration as function of SPM concentration from Equation 3 .1. 
Further evidence to support the association of Nip with Fep is shown in Figure 3.15 where 
Nip concentration is plotted as a function ofFep concentration for the same Humber coastal 
zone samples. A significant correlation ofr2 = 0.419 at p < 0.05 (n=281) has been obtained 
for the two metals suggesting that Fep is exerting a geochernical control on Nip behaviour in 
the Humber coastal zone. Such a relationship has also been observed by Tappin et al. 
( 1995) who reported a signilicant correlation between Nip and Fep concentrations in English 
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Figure 3.15. Plot of particulate Fe concentration (mg g-1) as a function of particulate Ni 
concentration (!lg g-1) for samples collected from the Humber-Wash Coastal Zone during 
autumn/93 (• ), winter/93 ( ), autumn/94 (e), winter/95 (• ), spring/95b ( • ) and 
summer/95 ( • ). r2 =0.4 l at P<0.05, n=295. 
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3. 3. 4. Predictive Modelling of Particulate Ni Concentrations. 
Based on the assumptions of the Duinker model and the observations of Figures 3.13-3.15, 
elevated NiP concentrations within the Humber coastal zone appear to be controlled by 
temporary suspended material of Humber origin with high NiP and FeP content. Low N~ 
concentrations appear to be sustained by permanently suspended cliff particles of low NiP 
and FeP content. Based on these assumptions, a predictive equation has been derived to fit 
the metal-SPM relationships observed for FeP and NiP. Taking Ni as an example, the 
equation describes the time-variable NiP concentration of SPM within the Humber plume 
as a function of changes in the proportion of suspended Humber material and incorporates 





and where SPMHo is the observed concentration of permanently suspended Holdemess 
cliff material of NiP concentration, [Nip]H0 ; SPMP is the observed concentration of 
suspended particles in the plume and SPMHum is the varying concentration of Humber 
particles of NiP concentration [Ni]Hum. Observed end-member values used for Ni 
were:SPMHo = 5 mg 1-1; [Nip]Ho = 2.5 j.lg g-1; [N4,]Hwn = 25 j.lg g-1 and were selected on 
the basis of representing typical values for each of the end-members based on field 
measurements. A comparison of the model predicted (solid line) and measured values of 
NiP concentration plotted against SPM concentration are shown in Figure 3.13. Similarly 
Figure 3.14., shows the model· predicted FeP concentrations as a function of SPM using the 
end-member values SPMHo = 5 mg 1-1; [Fep]H0 = 1 mg g-1 and [Fep]H== 17 mg g-1. The 
model does assume that the SPM from both sources is conservative however it can be seen 
that the predicted NiP and FeP concentrations are both in good agreement with the actual 
data. This signifies that within the Humber coastal zone both NiP and FeP concentrations 
can be described by the same model supporting the suggestion that these metals have 
similar geochemical controls in the Humber coastal zone. The model also assumes that the 
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Holdemess cliffs provide a constant supply of particles at low SPM concentrations that are 
relatively depleted in NiP and FeP but that elevated NiP and Fe;, concentrations within the 
coastal zone are caused by the resuspension of estuarine derived SPM settled in the plume 
which supports the processes eluded to earlier in explaining N~ distributions in the 
Humber coastal zone and over tidal cycles in the mouth of the Humber Estuary. 
Therefore, the application of this particle mixing model and the algorithms above 
(Equations 3.1. and 3.2.) in predicting the spatial and temporal distribution of NiP may 
contribute significantly to a fme sediment transport model of contaminant Ni in the 
Humber coastal zone. 
3. 3. 5. Disso/ved-Particulate Phase Partitioning of Ni. 
A convenient measure of the partitioning of a metal between the dissolved and particulate 
phase can be expressed by the conditional distribution coefficient, 1<..!, defmed as the ratio 
of concentration of metal per unit mass of particulate material to the concentration of 
metal per unit mass (or volume) of seawater (Tappin et al., 1995). The partitioning of Ni 
(expressed as log Kd) at the mouth of the Humber Estuary as a function of SPM 
concentration is illustrated in Figure 3 .16.a, representing data collected during five LOIS 
cruises. Each individual point on the diagram represents a sample collected during an 
anchor station in the Humber mouth where the % of Ni in the particulate phase (calculated 
from the concentration of dissolved and particulate Ni determined in the sample) is plotted 
as a function of SPM concentration (mg 1-1) according to the algorithm: 
. I 100 l 
% Particulate Metal = 100 - l -6 j 
1 + Kd * (SPM) * 1 0 
(3.3.) 
It can be seen that the partitioning ofNi with respect to SPM concentration is remarkably 
uniform with the data consistently fitting a Kd of about 104. This uniformity in 
partitioning is particularly notable since the data plotted has been collected over five 
seasonally varying survey periods during which time scale environmental conditions have 
significantly varied. For example, the magnitude of residual flow varied from 670m3 s-1 to 
165m3 s-1 to 425m3 s-1 from winter/93 to autumn/94 to winter/94, respectively. The range 
in SPM concentration also varied over three orders of magnitude and the particle type 
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Figure 3.16. Plot of% particulate bound Ni as a function of SPM concentration (mg 1-1) for 
samples collected at anchor station in the mouth of the Humber Estuary during a) LOIS 
surveys in autumn/94 (• ), winter/94 (• ), spring/95b (• ) and summer/95 (• ), (samples 
collected from the Humber plume during winter/93 ( ) are also presented) and b) NSCP 
surveys in winter/88 (e ), spring/90 ( • ) and summer/90 ( • ). Solid lines represent log l«J 
values. Comparative plots (Figures c and d) of% particulate bound Ni as a function of Fe 
concentration (mg I-1) are also illustrated for the LOIS and NSCP data sets, respectively. 
fluxes from the estuary and Holdemess Cliffs. Figure 3.16. b represents a similar plot 
however an independent data set, provided from the NSCP for the Humber Estuary, has 
been applied. Again it can be seen that all sample points lie close to a log :KJ of 104 
however the seasonality in the relationship between SPM concentration and % Ni in the 
particulate phase is more pronounced for this data set. For example, in sumrner/90 at very 
low SPM concentrations a relatively small % of Ni is in the particulate phase. Similarly in 
spring/90 at intermediate SPM concentrations a relatively low % of Ni is in the particulate 
phase. In contrast in winter/88 SPM concentration is greater and up to 80 % ofNi is in the 
particulate phase which is comparable to the % of Ni in the particulate phase for samples 
collected during winter/93 and winter/95. Previous studies of trace metal partitioning in 
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the North sea (Tappin et al. 1995) have revealed that the particle-water interactions of Cu, 
Zn, Fe, Mn and Pb varied throughout the year and could not necessarily be represented by 
a single log Kd value. Some of the variability was ascribed to the influence of the seasonal 
behaviour of phytoplankton on metal-particle associations. The reason for the contrasting 
uniformity observed in Ni partitioning at the mouth of the Humber Estuary is not fully 
understood however as previously alluded to in this chapter the association of Ni with 
Humber Estuary particles of high particulate Fe concentration may account for this 
significant relationship. To examine such an association the partitioning of Ni at the 
mouth of the Humber Estuary as function of FeP concentration (mg I-1) was examined and 
results are shown for the LOIS and NSCP data sets in Figures 3.16.c and d, respectively. 
It can be seen that when % particulate Ni is plotted as a function of FeP concentration the 
~ for both data sets increases to a log Kd of 106. It is also noticeable that the scatter 
amongst the data points for both data sets is significantly reduced with all data falling 
closer to the log Kd line. 
The strong uniformity observed in Ni partitioning as a function ofF eP concentration within 
these plots reinforces the hypothesis of a significant geochemical control by F~ over Ni 
behaviour in the Humber coastal zone and suggests that Ni is potentially a non-bioactive 
element or that the involvement ofNid in phytoplankton processes is undetectable. This is 
also illustrated in Tables 3.4. and 3.7. where significant correlations of dissolved and 
particulate Ni to FeP are listed for the Humber coastal zone and at an anchor station in the 
mouth of the Humber Estuary. It can be seen that FeP and Nid and NiP are significantly 
correlated for a number of seasonally varying surveys both in the plume and at the Humber 
mouth. 
3 .4. Estuary-Coastal Interactions of Zn in the Humber Coastal Zone. 
3. 4.1. Distribution of Particu/ate Zn. 
The seasonal and inter-annual variability in ZnP distribution throughout the Humber 
coastal zone is presented in Figures 3.17. a-h representing distributions observed during 
NSCP surveys in winter/88 and spring/90 (this data has previously been given in Millward 
et al., 1996) and LOIS surveys in autumn/93, winter/93, autumn/94, winter/95, spring/95b 
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Figure 3.17. continued. Seasonal variation in ZnP (!lg g-1) distribution throughout the Humber-Wash coastal zone for e) autumn/94 f) winter/95 g) 
spring/95b h) summer/95. Fixed anchor station sites are indicated ( Q. Boxed symbols refer to range of concentrations detected during hourly sampling 
throughout a tidal cycle at the anchor station site. 
the mouth of the Humber Estuary with concentrations generally declining offshore. For 
example maximum concentrations of Zllp in excess of 200 J.Lg g-1 were observed at the 
mouth of the Humber Estuary throughout the year. Offshore concentrations declined to 
approximately 125-150 J.Lg g-1 during the winter cruises (i.e. winter/SS, autumn/93, 
autumn/94 and winter/95) and to a minimum of below 75 J.Lg g-1 during spring and 
summer cruises such as spring/90 and summer/95. 
The mean Zllp concentration in the Humber coastal zone during all the cruises depicted in 
Figure 3.17. is given in Table 3. 8. and it can be seen that highest mean Zllp concentrations 
were observed during autumn/93 and winter/93 with mean Z11p concentrations of 190 ± 51 
J.Lg g-1 and 280 ± 82 J.Lg g-1 detected, respectively. Surprisingly in the following year 
during surveys in autumn/94 and winter/95 mean Zllp concentrations declined significantly 
to 97 ± 38 J.Lg g-1 and 90 ± 22 J.Lg g-1, respectively, indicating that Z11p distributions can 
vary significantly on an inter-annual basis. 
Table 3. 8. Seasonal variation in mean Zllp concentration in the Humber coastal zone. 
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SD denotes standard deviation. 
Mean ZnP concentrations in spring/90 and spring/95b are noticeably high at 170 ± 98 J.Lg g-
1 and 120 ± 43 J.Lg g-1, respectively. The reason for these elevated concentrations is not 
known however the mean value produced for spring/90 (Figure 3.17.b) could reflect a bias 
in sampling locations with four out of ten stations sampled close to the mouth of the 
Humber Estuary where concentrations are high. There is also the additional factor that in 
the spring and summer erosion from the Holdemess cliffs is reduced and therefore less 
uncontaminated particles are present in the Humber coastal zone to effectively lower the 
average ZnP concentration. Alternatively these high mean ZnP concentrations could 
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indicate phytoplankton processes. Inspection of Figure 3.17 .g, (spring/95b) indicates three 
or four high offshore values in the region of 150-200 Jlg g-1 which are likely to have 
influenced the mean ZnP concentration for this survey. Such high offshore concentrations 
in spring could be due to the biological uptake of Zn away from the turbid waters of the 
Humber Plume (see Chapter 5). The lowest mean concentration of ZnP was observed 
during summer/95 when a mean Z11p concentration of 71 ± 36 Jlg g-1 was recorded. This 
could be due to the remineralisation of the high ZnP concentrations observed in spring/95b. 
Previously reported Zllp concentrations detected in the Humber plume are presented in 
Table 3.9. for comparison to the data generated during the LOIS cruises. The mean Zllp 
concentrations reported by Tappin et al., (1995) for the North Sea are similar to the values 
obtained for Zfip during the winter and spring survey of this work and indicates 
consistency between different surveys. However, as with NiP, due to the different 
extraction techniques used by the other authors it is not possible to draw direct 
comparisons to the other concentrations reported in the table. Analysis of the recovery of 
Zn from a selection of standard sediments (see Section 2.2.5.) indicated that 1M HCI was a 
selective leach and only recovered 50-82 % of Zn compared to a total digest technique 
(HF). Therefore direct comparison of the Zn data from this study to the values in Table 
3.9., some of which were determined using concentrated nitric acid, is not valid. 
Table 3.9. Comparison of previously reported SPM and sediment concentrations of Zn 
within the Humber coastal region. Mean ± standard deviation or range of concentrations is 
given. 
Location Date Extraction technique Concentration Ref. 
(Jlg g-1) 
SPM 
Humber Estuary Jan 1988 HOAc/NH20H.HCI 510 ± 440 I 
Jul 1989 HOAc/NH20H.HCI 242 ± 46 1 
Humber Plume Dec 1988 HOAc/NH20H.HCI ll3 ± 38 1 
May 1990 H0Ac/NH20H.HCI 160 
Humber Plume May 1989 1MHC1 79±29 2 
Dec 88/Jan 89 1MHCI 95 ± 23 3 
Humber near-shore Summer 1991 cone. HN03 310-500 3 
North Sea Jan 1980 HF 4 
Sediments 
Humber Estuary Jun 1985 cone. HNOiH20 2.HCl* 237 5 
Humber Estuary Jun-Jul 1988 X-ray flouresence 319 (median) 6 
North Sea 1986 cone. HN03 190 ± 80 7 
I Turner et al., 1991; 2 Tappin et al., 1995; 3 Laslett, 1995; 4 Nolting and Eisma, 1988; 5 Barr et al., 1990; 
6 Grant and Middleton, 1990 7 Irion and Muller, 1990. *details of digestion given in Barnett and Ashcroft, 
1985. 
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To assess the significance of the Humber Estuary in determining the Zn distributions 
observed in the coastal zone the Zn-salinity relationship for each cruise was analysed using 
least squares linear regression. Values of r2 for statistically significant (p<0.05) linear 
relationships, with salinity as the independent variable, are given in Table 3.10. Results 
indicate that of the Z11p distributions illustrated those of winter/88, spring/90, winter/93, 
autumn/94 and winter/95 display a significant inverse relationship to salinity. The 
Humber Estuary was therefore a significant source of ZnP to the Humber coastal zone 
during these survey periods. This result is in keeping with the regression analysis 
performed for Ni (see Section 3.3.1.) in which for the same surveys, with the exception of 
winter/93, the Humber Estuary was also found to be a significant source of NiP to the 
region. These results therefore imply that Ni and Zn are affected by similar source/sink 
functions in the Humber coastal zone. No significant relationship between salinity and Zfip 
in the Humber coastal zone was obtained for surveys in autumn/93, spring/95b and 
summer/95 indicating that other processes are affecting the distribution of ZnP in the 
Humber coastal zone during these periods. 
Table 3.1 0. Values of r2 for significant (P<O.OS) linear relationships between dissolved 
and particulate Zn concentrations and salinity and F~ for data collected throughout the 
Humber-Wash Coastal Zone. The spaces indicate no significant correlation. 
Cruise Salinity F ep 
Winter/88 Zllp 0.43 0.84 
Znd 0.74 0.58 
Spring/90 Zllp 0.69 0.92 
Znd 0.97 0.81 
Summer/90 Zllp 
Znd 
Autumn/93 ZnP 0.48 
Znd 
Winter/93 ZnP 0.47 0.51 
Znd 
Autumn/94 ZnP 0.56 
Znd 
Winter/95 ZnP 0.28 0.68 
Znd 




-data unavailable; apositive slope. 
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As previously mentioned when discussing the NiP distributions in the Humber coastal 
zone, eroded clay particles from the Holdemess Cliffs are a dominant source of SPM to the 
region and results of Zn analysis of this material from two sites along the cliffs (see Figure 
2.3. for the locations) revealed Zn concentrations of 13 ± 0.1 11g g-1 for Moat Farm and 17 
± 0.1 11g g-1 for Easington indicating that despite the significantly lower concentrations of 
ZnP in this material relative to Humber derived SPM (see Table 3.8.) the cliffs are an 
important source of ZnP, of the order 49 - 65 kg day-1 (see Table 3.11 ), to the coastal zone. 
Sediments are also an important source of trace metals to the region during resuspension 
events and concentrations of Z~ analysed in the <63 llffi fraction of surface sediments 
collected in the Humber coastal zone in autumn/94 are presented in Figure 3 .18. 
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Figure 3.18. Surface sediment concentrations (<63 11m fraction) of Zn (llg g-1) in the 
Humber coastal zone in autumn/94. 
Concentrations range between < 75 - 200 11g g-1 throughout the region with maximum 
concentrations of up to 259 11g g-1 detected at the mouth of the Humber Estuary or near 
shore plume environment. The lowest concentrations of between 7 5 - 100 11g g-1 and < 7 5 
11g g-1 were observed adjacent to the Holdemess cliffs, confirmining the uncontaminated 
nature of the cliff material, and further offshore to the south where the estuarine source of 
ZnP has possibly been diluted with incoming marine waters of lower Zn concentration or 
the settling of Holderness material. Sampling sites away from the coastline and to the 
north of the Humber mouth had intermediate Zn concentrations of 125 - 150 11g g-1 
indicating that SPM of elevated Zn concentration derived from the Humber Estuary could 
be being transported northwards in the Humber coastal zone against the known anti-
clockwise circulation in this region. Regression of the Zn concentrations detected in these 
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sediments against the Ni concentrations determined (see Section 3.3 .I.) provided a positive 
correlation of r2 = 0.64 at p = < 0.05 (n = 16) indicating that both Ni and Zn exhibit a 
similar distribution in Humber coastal zone sediments and it is potentially the same 
processes that affect the distributions observed. 
3.4.2. Dissolved and Particulate Zn at Anchor Stations in the Humber Coastal Zone. 
Results of particulate and dissolved Zn behaviour at anchor stations throughout the 
Humber coastal zone over 15 sampling periods are presented in Figures 3.19.a-o. Figures 
3.19. e, i and m show ZnP concentrations only. Master variables corresponding to each 
anchor station are presented in Table 3.5. and have previously been discussed in Section 
3.3.2. The mean dissolved and particulate Zn concentrations over the 15 anchor stations 
are presented in Table 3.11. Dissolved Zn concentrations over the Humber mouth anchor 
stations were in the range 15.6 - 3. 51 11g J-1 . and with the exception of the two mean values 
recorded during surveys in autumn/94 and spring/95b at 6.62 ± 9.19 llg )-land 15.6 ± 11.1 
llg 1-1, respectively, the remaining concentrations were within a limited concentration 
range (3.51 - 4.56 llg J-1) and exhibited no distinct seasonal variation. Anchor stations 
located at Spurn Head and further north at Holdemess had lower mean Znd concentrations 
ranging from 0.78- 1.34 llg J-1 at Spurn Head to 0.72- 2.10 llg J-1 at Holdemess indicating 
a reduction in Znd concentration away from the mouth of the Humber Estuary. 
Mean Zllp concentrations detected at the Humber mouth range from 127-276 llg J-1 with 
the highest mean concentrations of 276 ± 26 11g J-1 and 274 ± 70 11g J-1 recorded during 
surveys in spring/90 and summer/90, respectively. Mean winter concentrations of Zllp 
were significantly lower than these concentrations ranging from 15 5-194 llg 1-1 over 
autumn and winter sampling cruises in winter/88(2), autumn/93, autumn/94 and winter/95. 
The lowest mean Znp concentrations were observed during spring/95b and summer/95 at 
127 ± 51 llg J-1 and 155 ± 55 llg J-1, respectively. Therefore, whilst mean winter 
concentrations of Zllp appear to be reasonably constant at the Humber mouth in contrast 
spring and summer values vary considerably between the LOIS and NSCP data sets 
resulting in no distinguishable seasonal trend being observed. Concentrations of ZnP at 
anchor stations located along the Holdemess coast at Spurn Head and Holderness are lower 
than mean concentrations recorded at the Humber mouth as observed for Znd 
































































0 2 4 6 8 
Time (hours) 
10 12 14 
Figure 3.19. Particulate ( 11) and dissolved ( ~) Zn as a function of time and Salinity ( ~ at anchor station in the mouth of the Humber Estuary for surveys 
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Figure 3 .19. continued. Particulate ( 11) and dissolved (A) Zn as a function of time and Salinity (e) at anchor station in the mouth of the Humber Estuary 
for surveys c) spring/90 and d) summer/90. 
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Figure 3.19. continued. Particulate (11) and dissolved(&) Zn as a function of time and Salinity (e) at an anchor station in the mouth of the Humber 
Estuary for surveys e) autumn/93 and f) autumn/94 and at anchor station adjacent to the Holdemess cliffs (g) during survey autumn/94. 
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Figure 3.19. continued. Particulate ( 11) and dissolved (A) Zn as a function of time and Salinity (-_, at an anchor station h) in the mouth of the Humber 
Estuary i) North of Spurn Head andj) adjacent to the Holdemess cliffs during survey winter/95. 
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Figure 3 .19. continued. Particulate ( 11) and dissolved ( •) Zn as a function of time and Salinity ( ~ at an anchor station k) in the mouth of the Humber 
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Figure 3.19. continued. Particulate ( 11) and dissolved ( &) Zn as a function of time and Salinity ( ~ at an anchor station n) in the mouth of the Humber 
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Table 3.11. Mean ± Standard deviation of dissolved and particulate Zn concentrations over all anchor stations. Fluxes of 
dissolved and particulate Zn from the Humber mouth to the North Sea are also given and have been used to calculate an integrated 
annual average total Zn flux from the Humber Estuary which is compared to NRA estimates of Zn inputs into the Humber Estuary. 
Cruise Location Mean Zn concentrations Zn Flux (kg day-1) Zn Flux Zn Inputs 
(kg day- I) (kg day-1) 
Dissolved Zn Particulate Zn Dissolved Particulate Integrated River, Sewage, 
(Jlg 1-1) (Jlg g-1) annual averaget Industry:j: 
Winter/88( I) Humber mouth 4.17 ± 2.23* 155 ± 38 126 262 1067 2020 
Winter/88(2) Humber mouth 3.51 ± 0.69* 192 ± 26 106 471 
Spring/90 Humber mouth 4.56 ± 1.59* 276 ± 26 69 87 
Summer/90 Humber mouth 3.66 ± 1.25* 274 ± 70 29 5.1 
Autumn/93 Humber mouth NIA 184 ± 25 NIA 1110 
Autumn/94 Humber mouth 6.62 ± 9.19 187 ± 32 94 779 
Holdemess 0.72 ± 0.25 73 ± 22 
Winter/95 Humber mouth 3.74 ± 1.40 194 ±55 137 1600 
Spurn Head NIA 86 ± 16 
Holdemess 2.10 ± 0.53 78 ± 7.9 
Spring/95b Humber mouth 15.6 ± 11.1 127 ±51 466 1173 
Spurn Head 1.34 ± 0.99 108 ± 17 
The Wash NIA 113 ± 25 
Summer/95 Humber mouth 3.85 ± 1.56 155 ±55 23 57 
Spurn Head 0.78 ± 0.55 79 ± 31 
Holderness Cliffs 49-65 
* From Althaus (1992); N/A denotes data is not available; #assuming a constant erosion rate of 3.84 kt day-1; t Integrated annual average (IAA) 
calculated by adding the dissolved and particulate Zn flux for cruises CHI15C/95, CHll7A/95, CHIISB/95 and CHII9C/95 to give a average total Zn 
flux for November, January, April and July, respectively. Each value was multiplied by 90 days to obtain a typical value for each season of the year 
which was used to derive the IAA.; ~ Zn inputs into the Humber Estuary (including river, sewage and industry inputs) for 1992 from NRA (l993b). 
decreased from 194 f.lg 1-1 at the Humber mouth to 86 f,lg 1-1 at Spurn Head and 78 f.lg 1-1 at 
Holderness, the anchor station furthest north from the Humber mouth (see Figures 3.17.h, j 
and i) providing circumstantial evidence of an advance-retreat cycle of the Humber Plume 
boundary. 
The dissolved and particulate flux of Zn from the Humber mouth calculated using the mean 
dissolved and particulate Zn concentrations detected for the Humber mouth anchor stations 
coupled with the residual flow estimated for the mouth of the estuary are also given in Table 
3. 11. The fluxes indicate that during the winter cruises Zn is predominantly transported out 
of the Humber Estuary in the particulate phase with the % of Zn in the particulate phase for 
surveys in winter/88(1), winter/88(2), autumn/94 and winter/95 at 68, 82, 89 and 92%, 
respectively. During the spring/95b and summer/95 surveys Zn is also predominantly 
transported in the particulate phase representing 72 and 71%, respectively, of the total Zn 
flux out of the Humber Estuary. However, in contrast during spring/90 and summer/90 the 
% of Zn flux in the particulate phase decreased from 56% in the spring to only 15% in the 
summer. Thus, ofthe total flux ofZn from the Humber Estuary the dissolved phase is most 
likely to be more significant in the spring and summer but this is not the case for every year. 
The particulate fraction dominates during the winter months without exception. Figure 
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Figure 3.20. Mean particulate (•) and dissolved (•) ±standard deviation Zn fluxes as a 
function of residual flow. 
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As with dissolved Ni it is evident that the flux of z~. for the majority of the surveys, is 
strongly correlated to residual flow. With the exception of spring/95, which deviates 
significantly from the main trend, a significant correlation of r2 = 0.879 at p = < 0.05 was 
obtained for the remaining Znd flux data. In contrast the ZnP flux data was more scattered 
and there was no significant correlation to residual flow. However, as with the NiP flux 
data, it is probably the consequence of factors such as tidal range influencing SPM 
concentration in the Humber mouth that is affecting Zfip behaviour. 
The flux calculations also indicate that despite the high mean Zfip concentration recorded 
over the Humber mouth anchor station in spring/90 and summer/90 the actual flux of Zfip 
from the estuary at this time was relatively minimal at 87 and 57 kg day-1, respectively, 
due to conditions of low SPM concentration and reduced residual flow. In comparison, 
the mean concentration of Zfip over the Humber mouth anchor station was lower for 
surveys in autumn/93, winter/95 and spring/95b at 184 ± 25, 194 ±55 and 27 ±51 J.lg g-1 
but fluxes of ZnP from the estuary were highest at Ill 0, 1600 and 1173 kg day· I, 
respectively. Also presented in Table 3.11. is an estimate of the intergrated annual average 
Zn flux from the Humber Estuary to the North Sea. Comparison of this value, at I 067 kg 
day-1, to the NRA estimate of total Zn inputs into the Humber Estuary, from river, sewage 
and industry sources for 1992 at 2020 kg day-1 (NRA, 1993 b), indicates a significant 
accumulation of Zn in the Humber Estuary which could possibly be due to retention of Zn 
in the estuary sediments. 
Regression analyses of dissolved and particulate Zn at the mouth of the Humber Estuary 
against salinity are given in Table 3.12. Results show that with the exception of only one 
survey (winter/95) Z~ consistently has a significant inverse relationship to salinity 
indicating that Z~ predominantly exhibits conservative behaviour at the mouth of the 
Humber Estuary. These findings are consistent with those reported by Burton et al., 
(1993) who observed that dissolved Zn concentrations were dominantly controlled by 
conservative mixing in the Humber Estuary and also in the Thames Estuary and adjacent 
waters. The reason for the conservative behaviour of z~. particularly at the mouth of the 
Humber Estuary where Fe-rich particles are present and uptake would be expected, is not 
known. However this results could suggest that Znd at the Humber mouth has already 
been buffered by the high turbidity of the estuary and has already attained partitioning 
equilibrium. 
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Table 3.12. Values of r2 for significant (P<0.05) linear relationships between dissolved 
and particulate Zn concentrations and salinity and Ft;, for data collected at an anchor 
station in the mouth of the Humber Estuary. The spaces indicate no significant 
correlation. 
Cruise Salinity Fep 
Winter/88(1) Zr~p 0.96 0.94a 
Zll,i 0.64 0.478 
Winter/88(2) Zr~p 0.45 
Znd 0.41 
Spring/90 ZnP 0.48a 
Znd 0.43 0.39a 
Summer/90 Zr~p 0.56 0.7oa 
Znd 0.70 0.498 
Autumn/93 ZnP 0.54a 
z~ 




Spring/95b ZnP 0.71 0.708 
Znd 0.27 o.55a 
Summer/95 Zr~p 0.76 0.96a 
Znd 0.63 o.55a 
- data unavailable; llpositive slope. 
Biological effects could also be expected to cause a deviation from conservative behaviour 
in the spring and summer but due to the high turbidity and resultant low light levels at the 
Humber mouth primary productivity is probably too low to take effect. Regression 
analyses of Zr~p concentrations as a function of salinity in the mouth of the Humber 
Estuary (Table 3.12.) indicates that only surveys in winter/88(1), winter/88(2), summer/90, 
spring/95b and summer/95 display significant relationships to salinity. In a similar trend 
to the NiP data (discussed in Section 3.3.2.) it is the predominantly autumn/winter cruises 
which show no positive correlation with salinity (i.e. summer/90, autumn/93, autumn/94 
and winter/95) indicating that ZnP concentrations over these survey periods in the Humber 
mouth are influenced by factors other than the conservative mixing of river and seawater. 
For the NiP profiles at the Humber mouth anchor station the resuspension of sediments 
induced by strong currents in the mouth of the Humber Estuary at maximum ebb and flood 
tide was cited as causing persistent maxima in NiP concentrations. Therefore, this 
mechanism could be responsible for the deviation of ZnP from conservative behaviour. 
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Examination of the anchor station profiles when Znp appeared to behave non-conservatively 
(Figures 3.19. c; e; f and h) indicated that variability in Znp concentration was at times out 
of phase with salinity supporting the observation that Znp is being resuspended from 
sediments causing elevated Znp concentrations in the mouth of the Humber Estuary. 
However, there are only two occasions when the non-conservative behaviour of Nip (see 
Table 3.7.) coincided with the non-conservative behaviour of Zllp (see Table 3.12.), namely, 
during the Humber mouth anchor stations of autumn/93 and autumn/94. This lack of 
correspondence illustrates the point that resuspension of sediments is not the only process 
influencing the non-conservative behaviour of these elements and that other time dependent 
processes such as variable industrial inputs and element specific geochemical processes may 
also play a role. 
3. 4. 3. Effects of Particle Size and Density on Particulate Zn Behaviour. 
In Section 3.3.3 . the Duinker model (Duinker, 1983) was described and Nip data collected 
throughout the Humber coastal zone during all the LOIS cruises applied to it. In a similar 
manner Znp data has also been applied to the model and Figure 3 .21 . illustrates Znp 
concentration as a function of SPM concentration for samples collected throughout the 
Humber coastal zone (including anchor station data) during surveys in autumn/93, 
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Figure 3.21. Plot of SPM concentration (mg I-1) as a function of particulate Zn 
concentration (J..lg g-1) for samples collected from the Humber-Wash Coastal Zone during 
autumn/93 (• ), winter/93 ( ), autumn/94 (e ), winter/95 ( • ), spring/95b (• ) and 
summer/95 ( • ). Averaged Zn concentrations (J..lg g-1) ± standard deviation for Humber 
mouth (A), Plume (•) and Coastal (e) sediments collected during autumn/94 are also 
shown. 
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The plot indicates that, in contrast to the Nip data which strongly exhibited group ll 
behaviour, the Znp concentrations are alot more scattered in relation to SPM concentration 
and although there is a distinguishable group ll trend apparent this data could also be 
interpreted in terms of group I behaviour. In particular some of the data points causing the 
deviation from group ll behaviour can be identified as samples collected during the survey 
in winter/95 (blue circles), which are largely in a cluster below the group IT trend line and 
surveys in autumn/93 (green circles) and winter/93 (yellow circles) which both lie above the 
group ll trend line and exhibit Znp concentrations in excess of 300 Jlg g-1, where the SPM 
concentration was below 100 mg 1-1 . 
Previously, for the Nip data, the Fep concentration of the sample was demonstrated to have a 
strong geochemical control over the Nip concentrations observed and a significant 
correlation coefficient was obtained between the trace metal concentrations. Therefore, 















[Fe] (mg g'1) 
• 
20 25 30 
Figure 3.22. Plot of particulate Fe concentration (mg g-1) as a function of particulate Zn 
concentration (llg g-1) for samples collected from the Humber-Wash Coastal Zone during 
autumn/93 (• ), winter/93 ( ), autumn/94 (e ), winter/95 ( • ), spring/95b (• ) and 
summer/95 (• ). r2 =0.264 at P<O.OS, n=295. 
Results indicate that in comparison to Nip which had a significant (p < 0.05) correlation to 
F ep of r2 = 0.41 Znp concentrations do not correlate as significantly with r2 = 0. 26. The plot 
also shows that whilst the majority of samples are significantly correlated to Fe and fall 
along the best fit line it is noticeably the green and yellow points representing surveys 
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in autumn/93 and winter/93, respectively, which are scattered above the best fit line due to 
their high ZnP concentrations of up to 400 fig g-1. Also as with the Duinker plot (Figure 
3.21.) it is the blue points representing samples collected during the survey ofwinter/95 
which noticeably fall below the best fit line due to their low Zllp concentration relative to 
their F~ concentration. Therefore, it would appear that the F~ concentration of these 
samples cannot account for the deviation from group II behaviour observed for Zllp and 
other particle processes are responsible. Previous classifications of Zllp according to the 
Duinker model (Table 3.8.) have reported its behaviour as group I for the Rhine (Duinker, 
1983) indicative of a metal which is preferentially associated with the small, organic rich 
SPM fraction. It is unlikely that organic rich particles were responsible for the scavenging 
of ZDp during the autumn/93 and winter/93 surveys leading to the high Zllp concentrations 
observed at low SPM concentrations during these surveys. However it could be that some 
other small, estuarine derived particle population effective in Zn asdorption could be 
responsible for the elevated ZDp concentrations observed over this sampling period. Also a 
possible cause for the contrasting effect of relatively low ZDp and FeP concentrations 
observed for samples collected during winter/95 could be due to either a large influx of 
uncontaminated Holdemess material into the region at this time which is known to be 
depleted in FeP and ZDp or possibly the resuspension of coarse grained material from the 
bed which is low in Zn content. 
3. 4. 4. Predictive Modelling of Particulate Zn Concentrations. 
In Section 3.3.4. a predictive equation fitting the observed metal-SPM relationship for FeP 
and NiP was derived based on the assumptions of the Duinker model (Equations 3 .1. and 
3.2. described in Section 3.3.4.). This equation has now been applied to model the metal-
SPM relationship observed for ZDp. End member concentrations used in the equation 
where: SPMHo = 5 mg 1-1; [Zn]Ho = 10 fig g-1; [Zn]Hum = 200 fig g-1 and again the values 
were selected on the basis of representing typical values for each of the end-members 
based on field measurements. A comparison of the model predicted (solid line) and 
measured values of ZnP as a function of SPM concentration are shown in Figure 3 .21. As 
previously discussed in Section 3.4.3. the Zn concentrations do not accurately follow a 
group li trend line and therefore whilst the majority of data fits along this line, underlining 
the importance of the geochemical control of Fe in the Humber coastal zone, a number of 
points are scattered either side of the trend line indicating that other particle processes need 
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to be considered if Zllp concentrations in the Humber coastal zone are to be accurately 
modelled. 
3.4. 5. Disso/ved-Particulate Phase Partitioning of Zn. 
The partitioning of Zn (expressed as log~<..! - see section 3.35. and Equation 3.3.) at the 
mouth of the Humber Estuary as a function of SPM concentration is illustrated in Figure 
3.23.a. representing data collected during five LOIS cruises. It can be seen that the 
behaviour of Zn cannot be described by a single value of log Kd and that the scatter of data 
points varies by at least an order of magnitude difference between the lowest (4) and 
highest (5) values of log Kd. Closer examination of the data points however reveals that 
those representing autumn and winter surveys (i.e. winter/93, autumn/94 and winter/95) 
can be described by a single log Kd value of approximately 5 but the data points 
representing spring/95b and summer/95 are far more scattered forcing a trend towards 
lower log Kd' s of 4 and 3. This trend in Zn partitioning of log Kd values of 5 in the winter 
decreasing to 4 or less in the spring and summer has previously been noted by Burton et 
al., (1993) for the Thames Estuary and Tappin et al., (1995) for the North sea and was 
attributed, in part, to the dilution of the lithogenous component of SPM with biogenous 
particles with a weaker affinity for Znd. Tappin et al., {1995) also cited the higher 
concentrations of Z~ present in the spring as contributing to this trend. Comparison of the 
LOIS data set to the NSCP data set illustrated in Figure 3.23.b. shows that the partitioning 
of Zn in the earlier survey is far more consistent fitting a log ~<..! value of 5 throughout the 
year with no reduction in Kd during the spring or summer. The reason for a constant ~<..! 
throughout the year for the NSCP data set compared to the LOIS data set is not known but 
the results imply that during the LOIS surveys of Spring/95b and Summer/95 a biological 
component, which was not present during the spring and summer surveys of 1990, was 
inducing lower Z~ uptake. The chlorophyll data for the surveys concerned is given in 
Table 3.5. but does not support this processes as there were lower chlorophyll 
concentrations for summer/95 than spring/90 and summer/90. However productivity 
experiments (see Chapter 5) have indicated that biological metal uptake does not directly 
correlate with chlorophyll concentrations and so biological effects maybe accountable. 
Figures 3.23. c and d illustrate the partitioning of Zn for the LOIS and NSCP data sets, 
respectively, as a function ofF e concentration. As with Ni all log Kd values increase by a 
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Figure 3.23. Plot of % particulate bound Zn as a function of SPM concentration (mg 1-1) 
for samples collected at anchor station in the mouth of the Humber Estuary during a) LOIS 
surveys in autumn/94 (• ), winter/95 ( • ), spring/95b ( • ) and summer/95 ( • ), (samples 
collected from the Humber plume during winter/93 ( ) are also presented) and b) NSCP 
surveys in winter/88 (e), spring/90 (• ) and summer/90 ( • ) . Solid lines represent log ~ 
values. Comparative plots (Figures c and d) of % particulate bound Zn as a function of Fe 
concentration (mg 1-1) are also illustrated for the LOIS and NSCP data sets, respectively. 
for Zn increasing to 7 . However, in contrast to Nip, normalising the SPM to Fep 
concentrations does not significantly alter the distributions of Zn between phases (Figure 
3.23.a) indicating that Fep has less influence on the partitioning of Zn in the spring and 
summer and the influences of biological processes, as discussed above, are more likely to 
have caused the deviation from uniform partitioning. 
3.5. Comparative behaviour ofNi and Zn in the Humber Coastal Zone. 
Particulate Ni and Zn both exhibit a pronounced seasonal distribution in the Humber coastal 
zone. For a number of surveys significant metal-salinity relationships for both Nip 
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and Zllp have been obtained indicating that NiP and Zllp distribution in the Humber coastal 
zone can be significantly influenced by the dilution of Humber Estuary water with coastal 
water. However the distributions observed can also be related to the residual flow from 
the Humber mouth at the time of the survey as well as environmental parameters such as 
mean wind speed and direction which assist the spreading of the Plume boundary and in 
some surveys induce a northward spreading of the Plume, transporting contaminants up 
towards the Holdemess Cliffs. Dissolved and particulate fluxes of Ni and Zn from the 
Humber Estuary indicate that for both metals the particulate phase is the dominant fraction 
for transporting metals out of the estuary in the winter months although the dissolved 
phase becomes more significant in the spring and summer. For Nid and to a lesser extent 
Z~ the dissolved flux can be significantly correlated to residual flow at the Humber 
mouth. Anchor station profiles of Ni and Zn at the mouth of the Humber Estuary further 
indicate that both Nid and Z~ behave conservatively throughout the year whilst NiP and 
Znp are more prone to displaying non-conservative behaviour possibly due to the 
resuspension of contaminated sediments in the mouth of the Humber. Application of the 
Duinker model to the NiP and ZnP data indicates that NiP is significantly controlled by F~ 
concentrations in the Humber coastal zone. Concentrations of Zr1p also show a significant 
correlation to FeP however for a number of surveys other processes appear to be effecting 
the distribution of ZnP. The partitioning of Ni and Zn as a function of SPM and FeP 
concentration indicate that Ni exhibits an uniform partition coefficient throughout the year 
however Zn partitioning varies seasonally with Kd's decreasing in the spring and summer. 
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Chapter 4 - Particle Settling Experiments. 
4.1. Introduction. 
Suspended sediment transport in coastal environments has been the subject of many 
studies in recent years for both ecological reasons, over concern of the transport of 
particulate bound pollutants, and economical considerations relating to the maintenance of 
harbours and channels for navigation purposes (Kineke and Sternberg, 1989). An essential 
parameter to understanding the transport and deposition of suspended particles carried by 
water is the settling velocity of the solid material (Gibbs, 1985; Puls et al., 1988; 
Prochnow et al., 1994). In dynamic tidal areas varying current velocities and changes in 
current direction cause a complex cycle of sedimentation and resuspension and it is these 
two processes, that potentially lead to sediment transport, that are significantly influenced 
by particle settling velocity (Niedergesiiss et al., 1994). A number of authors have 
therefore examined the settling behaviour of particles in both the estuarine (Owen, 1971; 
1976; Gibbs, 1985; Puls et al., 1988; Burban et al., 1990; Prochnow et al., 1994) and to a 
lesser extent coastal environment (Kineke and Sternberg, 1989; Kineke et al., 1989; Jago 
et al., 1993) in order to increase understanding of suspended sediment transport and refine 
sediment transport models. 
However, in terms of understanding the transport of particle-associated pollutants such as 
trace metals in estuarine and coastal environments it has recently been proposed that not 
only is the settling velocity distribution of the SPM masses required but that the specific 
concentration of trace metals in the different settling fractions of SPM is known 
(Niedergesiiss et al., 1994; Williams, 1995). Only if the trace metals have settling 
velocities equal to the SPM settling fractions can their transport behaviour be assumed to 
be the same as that of the SPM and models developed for SPM transport be applied to 
trace metal transport. Niedergesiiss et al., (1987; 1994) pioneered the coupling of particle 
settling dynamics to particulate trace metal analysis during studies of pollutant transport in 
the Elbe river in which the settling velocity of a number trace elements was determined. 
Further studies of trace element settling in estuaries have not been pursued however 
Williams ( 1995) conducted preliminary investigations into the settling velocities of trace 
elements in the Humber coastal zone. Williams ( 1995) concluded that the relationship 
between particle settling and long range transport of particulate trace metals was 
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fundamental to predicting pollutant dispersion and therefore the aims of this study have 
been to expand upon the trace metal settling velocities previously determined. In 
particular, the seasonal variation in the settling velocities of Fe, Mn, Ni and Zn have been 
examined in this Chapter since it is known that biological processes can influence the size 
structure and settling rates of suspended particles (Jago et al., 1993) however the effect of 
seasonal processes on the settling and transport of particulate trace metals have not 
previously been investigated. 
All SPM and trace metal settling velocities were determined using a bottom withdrawal 
tube referred to as a Settling Velocity Tube (SVT) as described by Owen (1976). A full 
description of the SVT has also been given in Chapter 2.1.3. The SVT is not the only 
method available for settling velocity determination (Dyer et al., 1996) and other methods 
include the pipette method (McCave and Syvitski, 1991) and in-situ techniques using 
video cameras (Fennessy et al., 1994) and optical backscatter sensors (Kineke et al., 
1989). There are also a number of problems inherent in the use of settling tubes; these 
have been fully discussed in Syvitski et al. (1991) but most importantly relate to the 
introduction of the sample to the tube and particle behaviour in the column. However at 
present the SVT remains the only method which allows the collection of enough SPM for 
accurate chemical analysis and is therefore the only reliable technique available for the 
determination of trace metal settling velocities. 
4.2. Sampling Strategy. 
A total of nine settling velocity experiments were performed within the LOIS coastal zone. 
Two of the SVT deployments were performed at a sampling station adjacent to the 
Holdemess Cliffs (anchor station site S2 - see Figure 1.1.) during maximum ebb and 
maximum flood tide in autumn/94. This site was selected because the Holdemess Cliffs 
are an important source of SPM to the Humber coastal zone and it was considered 
important to examine the settling properties of this material. The remaining seven SVT 
deployments were performed in the mouth of the Humber Estuary (at the anchor station 
site depicted in Figure 1.1.) during maximum ebb in autumn/94 and subsequently during 
maximum ebb and flood in winter/95, spring/95b and summer/95. The Humber mouth site 
was selected because of it's importance as a source of anthropogenically modified SPM to 
the Humber coastal zone and due to the high SPM concentrations in this region. Sampling 
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was perfonned during maximum ebb and flood tides as resuspension of particulate matter 
is greatest under strong tidal currents allowing the whole range of particle densities present 
in the Humber mouth to be sampled. If sampling was perfonned close to slack water the 
particle population sampled could potentially represent only those particles in pennanent 
suspension. Sampling during maximum ebb and flood tide also allowed a comparison to 
be drawn between the settling velocities of the particles present on each tide to examine if 
the different tidal states transported particles (and trace metals) of varying settling 
velocity. 
4.3. Estimation of Settling Velocity. 
The experimental data obtained from each of the SVT deployments were used to calculate 
settling velocities by application of the method described by Owen ( 1976). In this method 
the times at which each SPM fraction was recovered from the SVT (5, 20, 80, 280 minutes 
and a residual fraction) and the weight of SPM recorded for each fraction following 
filtration through a pre-weighed, acid washed, 0.4 !liD nuclepore filter were used to 
compile a table of cumualtive weight of SPM as a function of time. A depth factor, 
calculated from a knowledge of the height and cross sectional area of the SVT and volume 
of sample filtered for each time fraction, was then used to correct the cumulative weights 
of SPM and times at which the SPM samples were collected to those required for a full 
1.00 m height of settling of each withdrawn sample. The corrected% cumulative weights 
were plotted as a function of corrected time on logarithmic graph paper (Figure 4.1.). 
The settling velocity of dispersed particles in water depends greatly on the water 
temperature, mainly because of large changes in viscosity (Owen, 1976), therefore to 
compensate for these variations time values corresponding to known settling velocities at 
the temperature of the sample (tabulated in Owen, 1976) were plotted along the time axis 
of the graph. A piece of tracing paper was placed over the graph and two vertical lines 
drawn; one at time 1.0 and one at time e (2.718) minutes, a distance of log e- log I apart. 
The right hand line was then aligned with one of the marked time values (marked T in 
Figure 4.1.) and a tangent to the curve drawn. At the intercept of the tangent with the left 
hand line the percentage at which the intersection occurs is read from the cumulative 
percentage scale. This then gives the percentage by weight of the suspension which has a 
settling velocity less then that defined at time T. 
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Corrected time (min) 
figure 4.1. Example plot of corrected % cumulative weight as a function of corrected 
time for the SVT deployed in the Humber mouth at ebb tide in winter 1995. Times of 
known particle settling velocity for the temperature of the sample are marked on the graph. 
As an example, of the two lines at a distance of log e- log I (=a) apart the right hand line 
has been lined up to time 463 minutes and a tangent drawn to the curve. At the intercept 
of the tangent with the left hand line the % cumulative weight value was obtained .. 
This procedure was repeated for each of the plotted time values and a graph was created of 
% cumulative weight as a function of settling velocity on logarithmic graph paper (Figure 
4.2.). The median settling velocity (w.SO) was then obtained by drawing a line at 50% on 
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figure 4.2. Example plot of% cumulative weight as a function of settling velocity for the 
SVT deployment in the Humber mouth in Winter 1995 at ebb tide. 
Median settling velocities estimated using this method are presented in Table 4.1. and are 
in the range of between 1 o-1 to ]0-3 mm s-1. Comparison of these settling velocties to 
those in the literature indicates reasonable agreement. Williams (1995) reported settling 
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Table 4.1. Summary of SVT deployments and settling velocities obtained. 
Cruise Location Tidal Salinity Temperature SPM Median Settling Chlorophyll %LOI# 
State eq (mg t-1) Velocity (w.50) (Jlg 1-1) 
from svrt from CTDt (x I0-3 mm s-1) 
Autumn/94 Holderness Cliffs* Flood 34.291 11.107 27 8 7 0.02 
Holderness Cliffs* Ebb 34.297 11.046 17 5 <I 
Humber Mouth Flood 33.819 10.581 47 so 37 
Winter/95 Humber Mouth Flood 29.215 4.817 284 326 180 13.3 ± 5.9 
Humber Mouth Ebb 28.810 4.718 339 290 195 10.1±0.9 
Spring/95b Humber Mouth Flood 33.581 8.295 114 85 65 8.1 15.9 ± 2.2 
Humber Mouth Ebb 32.493 8.379 123 111 221 8.3 14.9 ± 3.0 
Summer/95 Humber Mouth Flood 32.030 14.993 57 71 7 4.2 16.2 ± 2.5 
Humber Mouth Ebb 33.095 14.492 39 28 2 0.9 16.7 ± 1.3 
~* specifically at anchor station site 82 (illustrated in Figure 2.1.) 
t SPM values were determined by the ratio of the total cumulative weight of SPM filtered and the total volume of seawater filtered. 
t SPM values were calculated gravimetrically from water samples taken using Go-Flo water sample bottles. 
#?articulate organic carlJon content determined by Loss On Ignition (LOI) (J. Dixon, personal communication). 
velocities in the range of 10-1 to IQ-3 mm s-1 for a number of SVT experiments undertaken 
in the Humber Estuary and Plume, Holdemess Cliffs and Tees and Tyne plumes in winter 
1992 and 1993. Jago et a/.(1993) observed a background median settling velocity of 1 Q-4 
mm s-1 for samples collected in the eastern North sea. Specifically, of the SVT 
deployments performed it is those undertaken at the Holdemess Cliffs which yielded the 
lowest settling velocities of 1 x 1 Q-3 and l. 7 x 1 Q-2 mm s-1 during ebb and flood tide, 
respectively. Williams (1995) reported an average settling velocity of 3 x I0-3 mm s-1 for 
Holdemess material which is in good agreement with the values determined from this 
study. Of the SVT deployments undertaken in the Humber mouth there are some minor 
seasonal differences between settling velocities with winter values greatest at 
approximately 10-1 mm s-1, summer settling velocities lowest at 10-3 mm s-1 and spring 
and autumn settling velocities intermediate at IQ-2 mm s-I Generally there were little 
differences between settling velocities calculated on the ebb and flood tide with the 
exception of spring 1995 where values varied from 2.2 x 10-1 mm s-1 at maximum ebb to 
6.5 x IQ-2 mm s-1 at maximum flood. Fennessy et al. (1994) observed minimum settling 
velocities of approximately 10-1 mm s-1 for the the Tamar Estuary and Burban et al. 
(1990) reported typical floc settling rates of 8 x 10-2 mm s-1 in an estuarine system and 
therefore the larger settling veloctites recorded in the winter months could be due a 
dominant estuarine signal in the Humber mouth. In comparison, Prochnow et al. (1994) 
reported particles in spring and summer having a maximum settling velocity of 3.5 x 1Q-3 
mm s-1 coinciding with periods of accelerated phytoplankton growth and Jago et al. ( 1993) 
observed settling velocities in the order of 10-2 mm s-1 during phytoplankton blooms in the 
North Sea suggesting that the lower settling velocties observed in the Humber mouth in the 
summer and at flood tide in the spring could potentially be due to the presence of biogenic 
particles. Concentrations of chlorophyll detected in the water column during each SVT 
deployment and averaged percentage particulate organic carbon values, determined by 
Loss on Ignition (LOI) recorded for each SVT are presented in Table 4.2. and indicate that 
chlorophyll concentrations are relatively high in the spring and to a lesser extent summer 
compared to the value obtained for autumn 1994, as are the LOI percentages, supporting 
the suggestion that smaller particles in the spring and summer could have a biological 
source. The implications of the settling velocities determined in this study are that 
Holdemess material and particles of low settling velocity detected in the Humber mouth in 
the spring and summer are likely to settle at a rate so slow that significant quantites would 
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remain in suspension in the water column and undergo long range transport. In comparison 
Jago et al. (1993) suggested that settling velocities in the range of 2 to 0.2 mm s-I would be 
required to allow particles to settle during periods of slack water indicating that potentially 
sediment deposition is most likely to occur in the mouth of the Humber Estuary during 
winter and ebb tides in spring. 
To assist in the estimation of mass settling fluxes a number of authors have examined the 
dependence of settling velocity on SPM concentration (Owen, 1971; van Leussen, 1988; 
Puis et al. , 1988; Fennessy et al. , 1994; Williams 1995). Field measurements have shown 
that there is an exponential increase in settling velocity with SPM concentration which can 
be represented by the following equation: 
W8 = K.Cm (4.1.) 
where Ws = settling velocity, C = SPM concentration and K and m are empirical constants. 
The relationship between settling velocity and SPM concentration for the SVT experiments 
performed in this study is illustrated in Figure 4.3. The SVT performed at Holdemess on 
flood tide has been omitted from the plot as the settling velocity versus % cummulative 
weight profile never feU below 50 % and extrapolation could only accurately gtve an 
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Figure 4.3. The relationship between settling velocity (wsSO) and SPM concentration for the 
SVT experiments performed at the Holderness Cliffs Autumn/94 at ebb tide ( ) and in the 
Humber Mouth Autumn/94 at flood tide ( ); Winter/95 at flood (• ) and ebb (• ) tide, 
Spring/95b at flood ( and ebb ( ) tide; Summer/95 at flood ( ) and ebb ( ) tide; using 
Equation 4.1. from Puis et a/ ( 1988). 
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Plotting settling velocity as a function of SPM concentration for the samples determined in 
this study it was found that m= 1.0 and K = 0.0006 at r= 0. 79 (p < 0.05). Previous authors 
have reported values of m in the range of 1.0 - 2.9 (van Leussen, 1988) and 0.5 - 2.1 (Puis 
et al., 1988) for various European estuaries and 0.90 for the Humber coastal zone 
(Williams, 1995). The value of m determined in this study therefore compares well to 
previous studies. The scatter in the data from this study is probably an artefact of varying 
floc density and/or organic matter content as these have been cited as causing variations in 
the value of exponent m (Dyer, 1994). Certainly in Figure 4.3. it is the summer/95 
samples, which are thought to be of a biogenic nature, that are biased towards low w,50 
values. 
4.4. Particle Sizes and Densities. 
The settling of a particle in a fluid is considered a balance of two forces, gravity and drag 
(Mathews, 1991 ). The force of gravity on the particle is proportional to its diameter and 
density contrast with the fluid. If the particle has a low Reynolds number (Re < I) the 
drag force on the particle is proportional to its radius and therefore these two forces can be 
combined to form Stokes Law (Equation 4.2.) which, making some assumptions on the 
shape of the particle, describes the settling of a particle in terms of; 
(4.2.) 
where w5 =settling velocity, g =acceleration due to gravity, d = diameter of particle, f.l = 
molecular viscosity of fluid, Pp = density of particle and p1 = density of fluid. Stokes Law 
is important therefore in that it relates settling velocity to particle diameter and density and 
hence is the basis of all sedimentation methods for determining particle size or density 
from settling velocity data (Alien, 1987). 
During the four LOIS cruises in which SVT experiments were undertaken particle size 
determinations were made prior to each SVT deployment using an in-situ laser diffraction 
particle sizer (Law et al., 1997). Histograms of the particle size distribution as a function 
of frequency for all the SVT experiments, with the exception of Holderness at flood tide, 
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Figure 4.4. Particle size distribution data from the in situ laser diffraction particle sizer for 
SVT deployments at the Humber Mouth in Autumn/94 during ebb tide (a); the Holdemess 
Cliffs in Autumn/94 at ebb tide (b); the Humber Mouth Winter/95 at flood tide( c) and ebb 
tide (d); the Humber mouth in spring/95 at flood tide (e) and ebb tide (f); and the Humber 
mouth in summer/95 at flood tide (g) and ebb tide (h). Data courtesy of D . Law, Plymouth 
Marine Laboratory. 
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particle sizer and are presented in Table 4.2. Results indicate that smallest median particle 
diameters (48.5 - 54.4 1-1m) were obtained during spring/95b, at both maximum ebb and 
flood, and autumn/94, at maximum flood, in the Humber mouth. In contrast largest 
median particle diameters (126.8- 133.6 1-1m) were recorded in the Humber mouth during 
winter/95 at ebb and flood tide. Intermediate particle diameters (85.8 - 92.1 1-1m) were 
determined in the nearshore zone of the Holdemess Cliffs in autumn/94. McCave ( 1987) 
reported that approximately 70 % of Holdemess material was < 63 J.lm in size however 
these diameters are slightly higher indicating either some degree of flocculation of the 
Holdemess clay particles or possibly an intrusion of estuarine particles of increased 
particle diameter into the Holdemess sampling area by wind or current driven circulation. 
The largest contrast between ebb and flood median particle diameters was during 
summer/95 when fiw50 values varied from 120.3 J.lm at maximum flood to 73.7 J.lm at 
maximum ebb. The reason for this contrast is not known but could indicate that during 
maximum flood biologically aggregated material is bought into the mouth of the Humber 
Estuary from the Plume. The possible biogenic nature of particles present in the 
summer/95 has already been discussed (Section 4.3.) and it is known that biological 
material enhances flocculation by providing fibrous structures around which clay particles 
can build (Fennessy et al., 1994) subsequently cementing these structures with bacterially 
active compounds (Linley and Field, 1982). 
Table 4.2. Median particle diameter (fiw50) for each SVT experiment. 
SVT Experiment fiw50 (J.Im) 
Autumn/94 Holdemess floood 86 
Holdemess ebb 92 
Humber flood 49 
Winter/95 Humber flood 130 
Humber ebb 130 
Spring/95b Humber flood 54 
Humber ebb 52 
Summer/95 Humber flood 120 
Humber ebb 74 
Comparison of the median particle diameters obtained in this study to those reported by 
Williams (1995) who observed particle diameters ranging from 5.3 - 5.4 J.lm in the 
Humber mouth in winter 1993 to 20.8 J.lm at the Holdemess Cliffs indicates over an order 
of magnitude difference in median diameters. The reason for the increased diameters 
reported in this study could be related to differences in particle sizing techniques. 
127 
Williams ( 1995) defined the median particle size by withdrawing a sub sample from the 
SVT and analysing it using a laboratory Malvern Laser Particle Sizer (Bale et al., 1984), in 
which the sample is stirred. It has been suggested that disruption of floes may occur when 
the SVT closes during deployment (Fennessy et al., 1994) and that fragile floes could be 
disaggregated by the mechanical agitation of the Malvern Laser Sizer therefore resulting in 
the particle diameter being underestimated (Bale and Morris, 1987). In comparison, the 
in-situ laser sizer offers a non intrusive method of particle sizing that avoids the disruption 
offragile aggregates (Bale and Morris, 1991). 
Using the measurements of particle diameter and values of settling velocity previously 
calculated the density of the SPM during each SVT experiment was determined by 
application of Stokes Law (Equation 4.2.). This was achieved by substituting median 
particle settling velocity, w.so, for settling velocity, w., and median particle diameter, liv,SO, 
for diameter, d, and then assuming a viscosity for sea water of 0.001 kg m-1 s-1, a density 
of sea water of 1 025 kg m-3, particle diameter, liv,SO, was plotted as a function of w5 so and 
the average density of the settling particle populations for each SVT experiment observed 
(Figure 4.5.). The solid lines on Figure 4.5. represent effective density. This is the 
difference between the particle density and water density and is the bracketed term in 
Stokes' Equation (Equation 4.2.). The data give an indication of the particle density with 
an effective density of zero indicating that a particle is neutrally buoyant. It should be 
noted that the densities represented in Figure 4.5 should be considered as estimates and not 
absolute values particularly as w.so and liv,SO values were used which may not be 
representative of the whole particle population. It must also be recognized that Stokes 
Law assumes that particles are of uniform density, are spherical in shape and the laminar 
flow around the particle is< 100 Jlm which are assumptions that don't necessarily apply to 
real particles. 
The particle densities depicted in Figure 4.5. indicate that most of the particles examined 
in the mouth of the Humber estuary and adjacent to the Holderness Cliffs consist of low 
density mud floes. Previous authors have quoted densities in the range of 2000-3300 kg 
m-3 for clay particles (Ailen, 1985) however Puis et al., (1988) observed densities in the 
range of 1048-1367 kg m-3 for mud floes. The particles observed at Holderness and in the 
mouth of the Humber estuary in autumn/94 fall slightly below this range at an approximate 
density of 1035 kg m-3 however the same particle density recorded at both these sites 
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could suggest the same particle population and that particles from the Humber mouth are 
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Figure 4.5. Comparison of the SPM densities of each SVT experiment ((• ) Holderness 
Cliffs Autumn/94 ebb tide; (• ) Humber Mouth Autumn/94 flood tide; C-> Humber Mouth 
Winter/95 flood tide; (e) Humber Mouth Winter/95 ebb tide; C-> Humber Mouth 
Spring/95b flood tide; (e ) Humber Mouth Spring/95b ebb tide; (• ) Humber Mouth 
Summer/95 flood tide; (• ) Humber Mouth Summer/95 ebb tide.). Solid lines represent 
lines of constant density (kg m-3) for coastal samples obeying Stokes' Law. 
The particles detected in the Humber mouth in summer/95 both have a considerably lower 
density than the rest of the particles at below 1027 kg m-3 . It was suggested earlier that 
because of the comparatively large diameter of these summer/95 particles that they could be 
biological aggregates and this is supported by the low density they exhibit as studies have 
shown that as aggregates become larger their effective density becomes lower (Fennessy et 
al. , 1994). Puis et al. , (1988) also observed that slow floes (settling velocity < 0.21 cm s-1) 
had higher contents of combustible organic matter than fast settling floes and Jago et al. , 
(1993) reported a component of seston that was rich in organic carbon with slow settling 
velocity and generally in long term suspension supporting the contention that these 
summer/95 particles are low density aggregates of low settling velocity and high organic 
content. In contrast Jago et al. (1993) also observed a component of SPM that was rich in 
organic carbon but had a relatively high settling velocity and was produced during plankton 
blooms. It is noticeable that the sample of SPM collected during maximum flood in the 
Humber mouth in Spring 1995 had a much higher density than the other particles at 1200 kg 
m-3 possibly indicating this particle was derived from an early spring phytoplankton bloom 
and aggregation has assisted its settling. Overall these calculations 
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indicate that there is some variation in particle density in the mouth of the Humber estuary 
throughout the year which could affect trace metal transport. 
4.5. Trace Metal Analysis of Settling Fractions. 
The results of trace metal analysis of the settling fractions of each SVT are discussed in 
this section. Initially the concentrations of Fe, Mn, Ni and Zn detected in each settling 
fraction are presented and discussed. These results have then be used to provide a 
qualitative assessment of the settling behaviour of the particulate metals analysed. This 
involved assigning the metals into three settling types based on the distributions observed 
in order to examine any associations of each metal to specific settling fractions. Secondly 
a quantitative assessment of the data has been presented in which the settling velocity of 
each metal for each SVT has been calculated and used to examine the settling of each 
metal in relation to the settling velocity of SPM. Again these results have been used to 
assign the metals into different settling groups in order to examine trends in trace metal 
settling velocities. 
4.5. 1. Trace Metal Concentration of Settling Fractions. 
The trace metal analysis of the filtered particles yielded from the five fractions of each 
SVT are presented in Figures 4.6. a-i. A full listing of the trace metal concentrations are 
given in Appendix C. Concentrations are presented on a w/w basis of weight of metal per 
gram of sediment. The scale of the trace metal axis has been kept constant in all the 
graphs to allow direct comparisons of the trace metal concentrations. The five settling 
fractions are referred to as fractions 1-5 representing the fractions collected 5, 20, 80, 280 
and after 280 minutes, respectively, after the SVT was stood vertically. Increases in metal 
concentration from fraction 1-5 therefore suggests an increasing affinity of the metal for 
the slower settling fraction. To ensure the quality of the SVT derived trace metal data a 
parallel sample of SPM (without any fractionation) was taken using a CTD immediately 
prior to each SVT deployment. By comparison, the trace metal concentrations in the CTD 
sample should be equal to the sum of the trace element concentrations in the five SVT 
fractions. Results indicated that the SVT experiments gave an average of 107 %, 113 %, 
95 %and 126% of the total concentration of Fe, Mn, Ni and Zn, respectively, detected in 
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the CTD sample which was considered acceptable and confirmed the reliability of the SVT 
trace metal data. 
The two SVT experiments performed adjacent to the Holdemess Cliffs in autumn/94 
during maximum ebb and flood are compared first in Figure 4.6. a and b. Results indicate 
that trace metal concentrations are relatively low in both these profiles with, for example, 
Fe concentrations only reaching a maximum of 10 mg g-1 and Mn 500 flg g-1 reflecting the 
uncontaminated nature of the Holdemess Cliffs material. The particulate concentrations of 
Mn , Ni and Zn are generally lower for the SVT performed at maximum flood (Figure 
4.6.a) indicating the possible influence of less contaminated marine water present at flood 
tide diluting trace metal concentrations compared to ebb tide (Figure 4.6.b) which is more 
likely to be influenced by contaminated estuarine water from the Humber Estuary. During 
the flood SVT all four metals appear to be preferentially associated with fractions 1-3 i.e. 
the fast to medium settling fractions. At ebb tide the picture is more confusing with the 
metals preferentially associating with the fast settling fraction 1 as well as the slower 
settling fractions 3 and 4. However it is notable that all metals follow the same trend 
indicating an affinity for the same settling fractions. 
Figure 4.6. c - f compares the four SVT experiments performed at flood tide in the 
Humber mouth during autumn/94, winter/95, spring/95b and summer/95, respectively. 
Trace metal concentrations in all the SVT's have increased relative to both the Holdemess 
SVT experiments with Fe concentrations increased to approximately 20 mg g-1 and Mn 
concentrations up to 1200 flg g-1. This increase reflects the importance of the Humber 
Estuary as a source of anthropogenic inputs to the Humber coastal zone. It is also notable 
that the trace metal concentrations detected in autumn/94 of the flood tide SVT experiment 
in the Humber mouth (Figure 4.6. d) are higher than the trace metal concentrations 
detected for the autumn/94 ebb tide SVT experiment at Holdemess (Figure 4.6. b). 
Possibly one would expect these SVT's to have similar trace metal concentrations 
concurrent with the same body of water moving out from the Humber mouth past the 
Holdemess Cliffs with the residual currents and tidal movement. However the lower trace 
metal concentrations at Holdemess could reflect an input of Holdemess Cliff material 
thereby diluting the trace metal concentrations detected. The trace metal concentrations 
detected for each of the SVT experiments also seem to vary seasonally with highest trace 
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Figure 4.6. Concentrations ofparticulate Fe (- ), Mn (- ), Zn (- )and Ni (- )determined in each ofthe five sample fractions 
derived from the SVT following it' s deployment at the Holdemess Cliffs during Autumn/94 at (a) flood tide and (b) ebb tide. The 
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Figure 4.6. continued. Concentrations of particulate Fe (- ), Mn <-), Zn (- ) and Ni (- )determined in each of the five 
sample fractions derived from the SVT following it's deployment at the Humber Mouth at flood tide during (c) Autum.n/94; (d) 
Winter/95; (e) Spring/95b; (t) Summer/95. The SVT fractions 1-5 were collected 5, 20, 80, 280 and >280 minutes, respectively, 
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Figure 4.6. continued. Concentrations of particulate Fe (• ), Mn <-), Zn (• ) and Ni (• ) detennined in each of the five 
sample fractions derived from the SVT following it' s deployment at the Humber Mouth at ebb tide during (g) Winter/95 ~ (h) 
Spring/95b~ (i) Summer/95 . The SVT fractions 1-5 were collected 5, 20, 80, 280 and >280 minutes, respectively, after the SVT 
was stood vertically. 
In summer/95 there is some variability with Ni concentrations exceptionally low and Mn 
and Zn concentrations high. Possibly this could be related to the influence of some 
biological component present in the water column. The association of Fe, Mn, Ni and Zn 
with specific settling fractions throughout the year is not constant and overall these 
diagrams indicate a variable response. In autumn/94 Fe, Mn, Ni and Zn show greatest 
concentrations in fractions 1 and 2, the fast settling fraction, but also fraction 4 a slower 
settling fraction. By winter/95 Fe and Mn show little variation amongst the five settling 
fractions whilst Ni and Zn indicate an increased association with fractions 2 and 4. In 
spring/95b all the metals except Ni, which has an uniform distribution throughout all the 
fractions, indicate a preference for fraction 3 i.e. an average settling population. Finally in 
summer/95 all the metals demonstrate an uniform distribution amongst all the settling 
fractions. The reason for the associations observed is not known but the constant 
distribution in summer/95 may reflect a predominantly permanently suspended settling 
population in the water column consisting of low density biogenic matter and therefore 
each settling fraction is of a similar composition and the trace metals are equally associated 
to each fraction. This is assuming that fluvial inputs, cliff erosion and resuspension events 
are all at a minimum in the summer. Another consideration could be the influence of 
spring and neap tides because SVT experiments in autumn/94, spring/95 and summer/95 
were performed on spring tides whilst the winter/95 experiment was performed on neaps. 
No apparent trend related to spring or neap tides is obvious within this data set but 
possibly if SVT experiments were performed in a single season at maximum flood during 
both spring and neap tide any tidal influence would be easier to establish. 
Comparison of the SVT experiments performed in the mouth of the Humber estuary 
throughout the year during maximum flood to those performed during maximum ebb is 
provided in Figures 4.6. g-i. A SVT experiment was not performed during maximum ebb 
in autumn/94 and so the diagrams represent winter/95, spring/95b and summer/95 only, 
respectively. Trace metal concentrations for Fe, Mn, Ni and Zn in these experiments are 
comparable on a seasonal basis to those observed for the flood SVT experiments. In 
winter/95 all the four metals show a distinct increase in metal concentration from left to 
right indicating a preference for the slow settling SPM fraction. This is in contrast to the 
flood tide in winter/95 for which all the metals showed a mixed response. In spring/95b 
metal concentrations in the five settling fractions are variable although Mn and Zn, and to 
a lesser extent Ni, show a preferential association with fractions 2 and 5. This appears an 
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almost reverse trend to the flood tide profile in which Mn and Zn demonstrated highest 
concentrations in fraction 3. For the SVT deployed in summer/95 during ebb tide it would 
appear that most the metals tend to show greatest concentrations in the middle fractions i.e. 
2, 3 and 4 although for Fe and Ni these variations in concentrations are relatively small 
leading to little overall differences throughout all the fractions as observed for the flood 
tide summer/95 SVT. 
4. 5. 2. Qualitative Assessment of the Settling Behaviour of Particu/ate Metals. 
The trace metal profiles observed (Figure 4.6.) indicate large variability in the settling 
behaviour of the metals analysed and therefore an assessment of the settling properties of 
each metal is not simple. Part of the complexity of the task is due to the fact that there are 
a number of sources of particles to the Humber mouth (i.e. riverine material, Holderness 
clay particles, sewage discharge, industrial waste, dumped dredge material, biogenic 
particles) and there is no knowledge of which settling fractions each particle source is a 
component of, if at all limited to any one of the five fractions separated by the SVT. 
Therefore the trace metals analysed could potentially be associated to different particle 
types with contrasting settling behaviour producing a conflicting settling profile. However 
as an attempt to examine the distribution of the metals across the different settling 
fractions the metals were distinguished according to their behaviour using a classification 
devised by Williams (1995) to assess the settling behaviour of trace metals. This 
classification required that the metals be assigned as either: 
i) metals associated with faster settling fractions 
ii) metals showing no apparent preference 
iii) metals associated with slower settling fractions 
The results of this assessment based on the concentration distributions illustrated in Figure 
4.6. are presented in Table 4.3. 
These results indicate that with the exception of a few SVT experiments Fe, Mn, Ni and 
Zn all generally show no preference to any settling fraction. This classification is 
consistent with the findings of Williams (1995) for Fe, Mn and Zn (work on Ni was not 
performed) and in view of the fact that Ni and to a lesser extent Zn have shown significant 
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correlations to Fe and Mn concentrations (Chapter 3) and increased uptake onto Fe-rich 
particles in the Humber mouth (Chapter 5) it is possibly not remarkable that all these four 
metals exhibit the same settling behaviour. 
Table 4.3. Numbers of SVT experiments associating Fe, Mn, Ni and Zn with different 

























However an implication of the seasonal variation observed in SPM density, diameter and 
organic carbon content of the different SVT experiments (Sections 4.3. and 4.4.) was that 
some of the SPM in the spring/95b and sumrner/95 SVT experiments was biogenic in 
nature which coupled with the results from the productivity experiments (discussed in 
Chapter 5) that Ni and Zn undergo a degree of biological uptake, one might of expected a 
difference in the settling behaviour of Ni and Zn amongst the spring/95b and summer/95 
SVT experiments compared to Fe and Mn. However, as mentioned at the beginning of 
this chapter particle sources to the mouth of the Humber Estuary are numerous and the 
settling characteristics of each component of SPM is not known. Therefore, preferential 
uptake of Ni and Zn by biogenic particles may be occuring but the affinity of Fe, Mn, Ni 
and Zn to other particles also present in each settling fraction may result in the association 
ofNi and Zn, for example, to a different settling fraction to be undetected. Also whilst Fe 
and Mn have not been shown to undergo biological uptake they may have been passively 
adsorbed by biogenic particles and therefore would display the same settling profile as say 
Ni and Zn which were actively taken up by phytoplankton. 
4.5. 3. Settling Velocities of Particulate Metals. 
An alternative way of analysing the trace metal settling data was to adopt a quantitative 
approach and calculate the settling velocity of each metal from each SVT experiment. 
This was achieved by converting the particulate associated metal concentrations from w/w 
to w/v for each time fraction. The trace metal concentrations were than treated using the 
method previously described for the SPM (Section 4.3.). Examples of two SVT metal and 
137 
SPM settling velocity curves are illustrated in Figure 4. 7. It should be noted that the weight 
per volume metal concentration is the concentration of particulate metal per unit volume of 
water and is therefore a function of the SPM concentration. The median settling velocities 
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Figure 4. 7. Example of settling velocity distributions derived for Fe, Mn, Ni and Zn for two 
SVT experiments performed in the Humber mouth at ebb tide during (a) winter/95 and (b) 
summer/95. Estimation of median settling velocity was achieved by extrapolation when 
necessary. 
Trace metal settling velocities have only ever been calculated by two other authors 
(Niedergesass et al. , 1987~ 1994~ WiUiams, 1995). Niedergesass et al. , 1994 interpreted 
trace metal settling data by assigning the metal settling velocities into three classes (Slow, W5 
< 0.01 cm s- 1 ~ Medium, 0.01 cm s-1 < W8 < 0.1 cm s-1 ~ Fast, Ws > 0.1 cm s-1) to indicate the 
mass percentage in each class. However the aims of this work were to examine the settling 
velocity of trace metals relative to the settling velocity of SPM to examine if SPM 
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transport models can be applied to trace metal transport. Therefore the settling velocity 
results obtained in this study were assessed using a classification developed by Williams 
(1995) which is analogous to that used in Section 4.5 .2. and requires that the metals be 
divided into three groups~ 
Table 4.4. Median settling velocities determined for Fe1 Mn, Ni and Zn for each SVT. 
SVT Experiment Median settling velocity (x 10-3 mm s-1) 
SPM Fe 
Autumn/94 Holderness flood < 1 160 
Holderness ebb 37 58 
Humber flood 17 27 
Winter/95 Humber flood 180 95 
Humber ebb 195 105 
Spring/95b Humber flood 65 64 
Humber ebb 221 70 
Summer/95 Humber flood 7 6 
Humber ebb 2 6 
i) metals which settle faster than the average SPM 
ii) metals which settle at the same rate as the average SPM 
iii) metals that settle slower than the average SPM 
Mn Ni Zn 
200 < I 135 
75 12 22 
52 2 3 
103 34 100 
110 147 95 
145 43 126 
520 163 218 
5 5 3 
8 1 2 
Using the SPM and trace metal settling velocities in Table 4.4. each trace metal was 
assigned to a group. The results are illustrated in Table 4.5 . and are colour coded to 
demonstrate the SVT experiment on which the group assignment for each metal was based. 
Table 4.5 . Classification of trace metal settling velocities relative to SPM settling velocity. 
Coloured symbols represents each SVT experiment. 
Classification 
Metal (i) (ii) (iii) 
Faster than SPM Same as SPM Slower than SPM 
Fe ..... ••• • •• Mn ...... •• • • 
M • •• •••••• 
Zn 11 • •• •••• 
KEY: Holdemess flood (11) and ebb <•> Autumn; Humber flood Autumn (A); Humber 
flood (11) and ebb <•> Winter; Humber flood (11) and ebb <•> Spring; Humber flood <•> 
and ebb <•> Summer. 
The results indicate that for all the trace metals examined none has a dominance for one 
classification with the settling velocities of Fe, Mn, Ni and Zn in relation to the settling 
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velocity of the SPM all varying with each SVT experiment. Previous classifications of Fe, 
Mn, Ni and Zn according to this scheme are given in Table 4.6. and it can be seen that 
there is reasonable agreement between the two previous studies with Fe, Mn, Ni and Zn all 
tending towards the medium or slow settling categories. However it should be noted that 
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whilst the data of Williams (1995), which was based on winter experiments, showed a 
strong dominance for each class the data of Niedergesiiss et al., (1994), collected during 
spring and autumn, indicated mixed responses for each metal and only the dominant 
behaviour has been used to assign each metal to a group. It could therefore be that the 
scatter in the data and problem of assigning each metal to a specific group is related to 
seasonal variations in the classification of each metal. For example in this study Fe, Mn, 
Ni and Zn all having settling velocities slower than SPM during the winter/95 ebb and 
flood SVT experiments. In contrast all these four metals settle at the same rate as SPM 
during the summer/95 ebb and flood SVT experiments. During the autumn/94 SVT 
experiments undertaken at Holderness during ebb and flood and in the Humber mouth Fe 
and Mn both have faster settling velocities than SPM. The responses of the metal settling 
velocities in spring/95b are alot more mixed as are the results for Ni and Zn in autumn/94. 
However these results do indicate some seasonal variation in the settling rates of Fe, Mn, 
Ni and Zn relative to SPM. Also, taking all of the metals into consideration, it is evident 
that for the metals classifed as the same settling velocity as SPM the majority (6:4) of 
these samples were taken at maximum flood whilst those metals settling slower than the 
SPM were predominantly (8:6) taken at maximum ebb. Therefore, possibly, there is some 
consistent maximum ebb/flood variation to be condidered. 
4.6. Conclusions. 
The results presented in this study are the first to examine the seasonal variation in trace 
metal settling behaviour. Calculation of trace metal settling velocities indicates that in 
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relation to the settling velocity of SPM there is seasonal variation in the behaviour of Fe, 
Mn, Ni and Zn with these metals settling slower than the average SPM in winter/95 but at 
the same rate as SPM in the spring/95b. These results have implications for trace metal 
transport models which need to take account of these seasonal variations. llhe qualitative 
assessment of the trace metal concentration distributions observed in each of the five 
fractions of SPM derived form the SVT suggests that Fe, Mn, Ni and Zn have no 
preference for either the fast or slow settling fraction and show no seasonal trend. 
However this was probably due to the complex mix of particles from different sources 
with varying geochemistry present in the mouth of the Humber estuary that could have had 
conflicting settling behaviour and therefore made any settling trends of one particle 
population difficult to determine. 
ICba~pter s~~ 
R.adliocbemicaill Ex~pe~i~ments 
Chapter 5 - Radiochemical Experiments. 
5 .I. Introduction. 
Radiochemical experiments to investigate the particle-solute partitioning ofNi and Zn with 
respect to different particle types were undertaken during various cruises in the Humber 
coastal zone using the 13-ernitting radioisotope 63Ni and the y-emitting radioisotope 65Zn. 
Application of radiolabelled 63Ni to quantify particle-solute interactions of Ni in the 
marine environment has only been used in studies in the Scheldt estuary and southern 
bight of the North Sea (Barbeau and Wollast, 1994). There is a limited understanding of 
the partitioning behaviour of 63Ni in the Humber coastal zone which may assist in the 
interpretation of it's transport. This is in contrast to 65zn, for which a protocol to examine 
it's partitioning in the marine environment is well established, and a number of 
experiments examining its particulate uptake in the Humber coastal zone have already 
been undertaken (Turner et al., 1992a; Turner et al., 1993; Millward et al., 1994). 
Therefore, within this chapter the first three experiments (a) time-dependent uptake (b) 
five-day partition coefficients and (c) variation of partitioning with particles of different 
settling velocities (sections 5.2., 5.3. and 5.4., respectively), all relate to 63Ni only. In 
contrast, the mixing experiments (section 5.5.) and productivity experiments (section 5.6.) 
are novel studies and utilise both radiosiotopes. Experimental details for all radiochemical 
experiments performed are given in Section 2.3. Results from the radiochemical 
experiments are expressed as I<.J's which have been calculated according to Equation 2.1. 
as described in Section 2.3.8.1. 
5.2. Kinetic Uptake Experiments. 
5.2.1. Introduction. 
The mechanism of sorption is of fundamental significance to the geochemical cycling of 
trace metals (Millward and Turner, 1995). Time-dependent sorption studies have revealed 
the possibility of at least two sequential reactions by which the sorption of trace elements 
onto particle surfaces occurs. A proposed mechanism involves initial rapid and reversible 
adsorption of ions onto particle surfaces (assumed to represent a Kd), followed by a much 
slower irreversible diffusion into particle matrix sites via a series of slow, reversible 
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reactions of ever increasing time constants (Nyffeler et al., 1984; Jannash et al., 1988). 







where S denotes sorption sites, M dissolved metal, SM surface adsorbed metal, S'M 
matrix-bound metal, and S"M more strongly held matrix bound metal. An alternative 
mechanism, proposed by Jannasch et al. (1988), suggests that sorption occurs by a series 
of parallel reactions onto particle surface sites, S, S', and S", of increasing binding 













These two mechanisms employ inherently different kinectics which has implications for 
the bioavailiability and exhangeability of trace constituents. For example changes in the 
bulk solution could induce desorption of the constituent back to the bulk solution for the 
consecutive mechanism but the parallel mechanism may trap the constituent within the 
pore structure of the particles effecting a reduced probability of diffusion back into the 
bulk solution hence limiting the exchangeability of the constituent and it's availability to 
biota. The aim of this study therefore was to examine the possible mechanism of surface 
adsorption of Ni within the Humber coastal zone based upon time-dependent uptake 
experiments and an established model of metal sorption to further understand the transport 
and behaviour of Ni within the Humber coastal zone. 
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5.2.2. Uptake oj63Ni. 
The time-dependent uptake <K.J1) of Ni onto SPM collected from the mouth of the Humber 
Estuary and the Holdemess coast is illustrated in Figure 5.1. Results indicate that for both 
particle types removal of Ni from solution is rapid within the first 24 hours followed by a 
slower uptake over the next 4 days. The extent of Ni uptake is much greater for Humber 
SPM than Holderness with ~C.~1 values, quoted to two significant figures, extending from 
3.7 x 102- 1.3 x J03 for Humber SPM compared to 1.6 x 102- 6.7 x 102 for Holdemess 
particles. The reason for the enhanced uptake of Ni onto Humber SPM is probably due to 
the higher concentration of ferromanganese oxides on the surfaces of the estuarine SPM. 
The role of Fe and Mn oxhydroxides in enhancing Ni uptake has been proposed (Laslett, 
1995; Tessier et al., 1984) and previous studies of 109Cd, 54Mn and 65zn uptake in the 
Humber Plume (Millward et al., 1994) have implicated ferromanganese oxides on the 
surface of Humber particles as increasing metal uptake based on studies performed by 
Millward and Moore (1982). The FeP and~ concentrations of the two particle types are 
presented in Table 5.2. and the particulate Fe concentration illustrated in Figure 5.1. It can 
be seen that highest concentrations of F eP and ~, at 15. 6 mg g-1 and 922 Jlg g-1, 
respectively, are exhibited in the Humber mouth compared to the Holdemess cliffs where 
concentrations of 9.47 mg g-1 and 635 Jlg g-1 were obtained, respectively, confirrnidg a 
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Figure 5.1. Partition coefficients (Kd1) as a function of time (days) for the uptake of 63Ni 
onto Humber estuary (D)and Holderness coastal water ( 1::::.) SPM. Lines represent 
predicted Kts based on the kinetic analysis assuming quasi equilibrium after 5 days 
(Equation 5.4.). The FeP concentration of Humber (B) and Holdemess (A) particles are 
also illustrated. 
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The time-dependent uptake of Ni onto Humber and Holdemess SPM (Figure 5.1.) was 
tested using a reversible first order kinetics model developed from the work of Jannasch et 
al. (1988) and Millward et al. (1992). The model involves a reversible first-order reaction 





where M is the dissolved metal, S represents an active site on the particle, MS is the 
surface adsorbed metal, k1is the forward rate constant and k.1 is the reverse rate constant. 
The differential equation for this process is: 
-d[M] = k [M]- k_ [MS] 
dt l l 
(5.4.) 
where k1 is dependent on the turbidity, which is constant in any given experiment, [MS] is 
given by: 
MS]= [MS]ADs + [M]0 - [M]1 = [M]0 - [M]t (5.5.) 
where [MS]ADs is the concentration of pre-existing surface exchangeable metal on the 
added particles, which for radioactive experiments is assumed to be zero at t = 0 and [M]0 
and [M]1 are the dissolved metal concentrations at t = 0 and at time t, respectively. 
Integration of Equation 5.4. gives (Millward et al., 1992): 
(5.6.) 
where [Mh is the concentration at equilibrium of dissolved Ni and the conditional 
equilibrium constant K, is given by: 
K = ~ = [M]o -[M]E (5.7.) 
k_l [M]E 
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Thus, k_ 1 is defmed as 
(5.8.) 
Equation 5.8. can be substituted in the term (k1+k_ 1) from Equation 5.6. (Williams, 1995): 
'k + k )= (k + ki[M]E ) = k [M]o 
\; I -I I [M]o - [M]E I [M]o - [M]E 
(5.9) 
This expression can be substituted into Equation 5.6. and after rearrangement yields: 
[MJt = «M]0 - [M]E )exp[-·( k I [M]o ) ] + [M]E \ [M]0 -[M]E 
(5.10.) 
(5.ll.) 
[M]0 = 100% of radiotracer in dissolved phase. 
lo [ QMlt- [M] E)]- -k t[ [M]o ] 
ge QM]o -[M]E) - I [M]o -[M]E 
(5.12.) 
(5.13.) 
Therefore using Equation l.l. and setting Cs = [M]1; Cp = l 00-[M]t, at time t, Kdt (the 
partition coefficient as a function of time) is given by: 
K 1 _ (100-[M]1) 
d - -"-----[ M___:_lt -...:.= 
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(5.14.) 
Assuming the five day I<.! approximates to equilibrium and by using Equation 5.6. the 
reverse rate constant k_1 can be estimated by: 
(5.15.) 
The forward and reverse rate constants, k1 and k_l> can in turn be used to calculate the 
system response time for Ni by application of Equation 5.15. which gives the rate to 
achieve 63% of the new solid-solution partitioning equilibrium after the system has been 
altered (Honeyman and Santschi, 1988). This parameter can be sucessfully applied to 
goechemical models for predicitng trace metal transport via the intergration of chemical 
response times with physical time constants such as flushing times. 
(5.16.) 
Modelling of the uptake ofNi onto the two SPM types is represented in Figure 5.1. by the 
solid lines. Model curves were obtained by plotting the right hand side of Equation 5.13. 
versus t and from the slope obtaining a value for k1• The value of k1 was then used in 
Equation 5.13. and 5.14. to calculate model curves (see Figure 5.1.) and Equations 5.15. 
and 5.16. to derive values of k.1 and ••••P (Table 5.1.). Also shown in Table 5.1 are 
comparative values of kl> k.1 and 'tresp obtained for the uptake of Zn, Cd and Cs onto 
Humber and Holdemess SPM from work performed by Williarns (1995). 
Table 5.1. Comparison of kl> k_ 1 and •resp values for Holdemess and Humber SPM for Zn, 
Cd and Cs (Williarns, 1995) to those obtained for Ni. 
kl r p k_l Lresp 
(d-1) (d-1) (d) 
Holderness 
Zn 
Cd 0.02 0.963 :,; 0.05 0.76 1.29 
Cs 0.12 0.840 :,; 0.05 0.66 1.42 
Ni 0.075 0.67 0.82 
Humber 
Zn 0.33 0.985 :,; 0.05 0.65 1.03 
Cd 0.03 0.987 :,; 0.05 0.72 1.32 
Cs 0.02 0.923 :,; 0.05 2.03 0.49 
Ni 0.55 l.l2 0.84 
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Results indicate that the forward rate constant for the uptake of Ni onto Holdemess SPM is 
greater than that obtained for Cd but lower than k1 for Cs. In comparison for the uptake of 
Ni onto Humber SPM the value of k1 calculated is greater than the values obtained for Zn, 
Cd and Cs. The response times estimated for Ni for Humber and Holdemess SPM are 
similar indicating that dissolved Ni discharged into the Humber coastal zone will 
equilibriate with both Holdemess and Humber particles on a similar time scale. 
5.2.3. Sequential Leach Experiments on Radioactive SPM 
The observed uptake profile of 63Ni onto Humber and Holdemess SPM (Figure 5.1.) 
indicates initial rapid uptake of 63Ni within the first 24 hours followed by a comparatively 
slower uptake over the next 4 days. The reason for the reduction in Ni adsorption with 
time could signify the fact that all surface sites are occupied (Turner et al. , 1992a). 
Alternatively, given a sorption reaction of two or more sequential reactions, such as that 
proposed by Nyffeler et al. (1984) and Jannasch et al. (1988), the initial rapid and 
reversible adsorption of ions onto the particle surface could be followed by a slower 
irreversible diffusion into the particle matrix sites and thus some of the trace metal may be 
irreversibly adsorbed. 
Humber Holderness Humber Holderness 
L 1 day _j L 5 day _j 
Figure 5.2. The chemical availability of radioactive Ni on Humber and Holdemess SPM 
as a function of time of uptake (days). Particles were subject to a sequential leach 
comprising 1M NaOAc (El), 1M HCl (D) and 50% HN03 (•). 
To substantiate this proposed two-step mechanism of Ni uptake selected leaches were 
applied sequentially to Humber and Holdemess SPM following 1 and 5 days uptake to 
examine the speciation of adsorbed Ni (see Figure 5.2.) . The exchangeable fraction (as 
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recovered by 1M NaOAc) of Ni in Humber Estuary SPM accounts for 40% of the total 
adsorbed Ni after 1 days uptake compared to 10% in the residual phase (removed by SO% 
HN03) indicating that Ni is initially preferentially held in low energy binding sites and it's 
adsorption is reversible. After S days the proportion of Ni held in exchangeable and 
leachable (1M HCI) sites was significantly reduced but that held residually accounted for 
60% of the total Ni. Holdemess SPM exhibits a similar speciation of 63Ni although a 
greater fraction of Ni is retained in the residual phase after both 1 and S days uptake 
relative to Humber SPM. 
These results substantiate a two-step adsorption mechanism for dissolved Ni, including 
migration from the particle surface after 1 day into high energy sites in the matrix after S 
days. Tessier et al. (1979) examined the speciation of stable Ni in lake sediments and 
similarly concluded that the residual fraction (as removed using HF-HCI04) accounted for 
more than SO% of the total metal fraction. Similarly the removal of Ni from marine 
sediment reference materials by 1M HCI (see Section 2.2.S.) indicated that <SO% of Ni 
was recoverable using this leach. Comparative results have also been obtained for 
radiolabelled 137Cs which had a 40% residual fraction after digestion with IM HCl during 
a series of leaching experiments to asses the reversibility of its sorption to Humber plume 
SPM (Turner et al., 1992a) and nearer 70% resistance for SPM collected at the low 
salinity (I. 7) region of the Humber Estuary (Turner et al., 1993). The irreversibility of Cs 
adsorption was accounted for by the ability of 137Cs to penetrate the microstructure of clay 
particles by displacing K+ located at high energy sites in the matrix (Comans et al., 1991). 
The mechanism by which Ni transfers into the particle matrix is not known however the 
implication of over SO% of Ni being held in these sites is that Ni would not be expected to 
be released into solution over a reasonable time span under the changing conditions (i.e. 
salinity; pH) it could encounter in the coastal environment. This behaviour is in contrast 
to the reversibility of sorption exhibited by Cd (Comans, 1987; Comans and van Dijk, 
1988) and to a lesser extent Zn, which have been shown to be easily removed from 
Humber SPM by seawater and lM HCl, respectively, (Turner et al., 1992a). 
5.3. Five Day Partition Coefficients (Kd5). 
Several previous experiments have used five days' incubation for partitioning experiments 
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as it has been established that this is a suitable period for Cd, Cs and Zn to attain quasi-
equilibrium in estuarine systems (Nyffeler et al., 1984; Turner et al., 1992a) and is also 
considered an appropriate hydrodynamic timescale for modelling interchanges of trace 
metals along a salinity gradient in a macrotidal estuary (Morris, 1990). It has been 
assumed during uptake experiments performed using 63Ni (see section 5.2.) that quasi-
equilibrium is attained for Humber Estuary and Holderness SPM within five days and 
several other authors have used this time scale to examine the partitioning of Cd, Cs, Mn, 
Fe, Cr and Zn within the Humber estuary and coastal zone (Millward et al., 1994; Turner 
et al., 1993; Turner et al., 1992a; Williams, 1995). Therefore this time scale was 
considered appropriate to examine the partitioning of Ni and to allow comparisons with 
the partitioning of other metals in the Humber coastal zone. However it is important to 











Figure 5.3. Spatial variation in Kd5's (Ni) throughout the Humber coastal zone. 
There is a significant spatial variation in Ni partitioning throughout the Humber coastal 
zone which is clearly demonstrated in Figure 5.3. Values of Kd5 for Ni and other 
environmental parameters are listed in Table 5.2. where it can be seen that ~5·s range 
from 2. 9 x 102 to in excess of 1.0 x 103 in the Humber coastal zone. The highest Kd5 of 
1.3 x 103 was observed at the mouth of the Humber Estuary with intermediate values of 
6.7 x 102 and 8.7 x 102 obtained at the base of the Ho1derness Cliffs and at a site within 
the plume, respectively. The lowest Kd5's within the range of 6.3-2.9 x 102 were recorded 
at offshore stations towards the eastern seawater boundary of the Humber coastal zone. As 
previously mentioned (Section 5.2.2.) the reason for the enhanced uptake of Ni onto 
Humber mouth SPM is probably due to the higher concentration of ferromanganese oxides 
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Table 5.2. Summary of Kd5 (Ni) values determined in the Humber coastal zone in November 1995. Hydrographic information and 
particulate concentrations of Fe, Mn, Zn and Ni are also given. 
Site No. Location Kd5x 102 Salinity Temperature SPM Fe Mn Zn Ni 
("C) (mgJ-1) (mg g-1) (J.tg g-1) (J.tgg-1) (J.tg g-1) 
Humber 13.0 27.960 9.888 784.6 15.6 923 191.1 27.0 
2 Holdemess 6.7 34.298 11.043 5.3 9.6 652 84.8 11.6 
3 Coastal Zone 6.3 34.396 11.170 107.8 8.1 440 62.3 5.4 
4 Coastal Zone 5.9 34.394 11.114 104.0 6.8 397 46.4 13.5 
5 Coastal Zone 4.3 34.070 10.803 103.6 10.2 621 111.2 16.9 
6 Coastal Zone 8.7 34.037 10.884 406.0 13.2 782 120.2 11.0 
7 Coastal Zone 5.6 33.911 10.738 109.6 11.4 653 99.8 19.6 
8 Coastal Zone 2.9 34.342 10.959 100.0 6.2 383 53.6 10.5 
Ul 
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on the surfaces of the estuarine SPM. Concentrations of Ff:p and MI1p determined for each 
K.JS sample are presented in Table 5.2. and regression of Kd5 (Ni) against Ff:p and MI1p 
concentration has revealed positive correlations, at a significance of p < 0.02, of r = 0.84 
and 0.81, respectively. Therefore the reduction in Kds (Ni) observed on the eastern side of 
the Humber Plume, accompanied by a concurrent reduction in Fe and Mn concentrations, 
is probably due to the dilution of Fe and Mn enriched Humber estuary particles with either 
metal-depleated marine particles transported south by the residual circulation and/or 
particles derived from coastal erosion. The Kd5's obtained for Ni within the Humber 
coastal zone are compared to other Kd5's in the literature in Table 5.3. Previous studies 
(Turner et al., 1992a; Williams, 1995) on Cd, Cs, Zn and Mn partitioning in the Humber 
coastal region have shown that Kd5's increased in the following sequence: Mn > Zn > Cs 
>Cd. The K.J5's obtained for Ni from this study appear to consistently fall between the 
partition coefficients obtained for Zn and Cs which supports the findings of Balls ( 1989b) 
who studied the partitioning behaviour of trace metals in a number of European estuaries 
and derived the following trend of decreasing K.J's: Pb, Hg > Cu, Zn, Ni >Cd. Due to the 
fact that K.J5's for Ni have not previously been determined in the Humber coastal zone 
there is no data to directly compare the values from this study to, however Barbeau and 
Wollast (1994) examined Ni partitioning in the Scheldt estuary and adjacent North sea 
coastal waters. The K.J5's obtained for the Scheldt and Humber estuaries compare well 
(see Table 5.3.) but the value for the coastal waters of the North Sea at 6.3 x 103 is much 
higher than the comparative Kd5 for the Humber Plume of 5.6 x 102, although it should be 
noted that the North sea coastal water was sampled during a spring bloom and the higher 
K.J5 value obtained for the coastal site could be attributed to a biologically driven process 
(see section 5.6.). 
Table 5.3. Comparison of Kds values obtained from this study with those from the 
literature. 
Location Reference K.J5's (x 103) 
Cd Cs Zn Mn Ni 
Humber Mouth 0.33 0.20 3.8 63 1.3* 
Holderness seawater 1 0.05 0.43 1.1 0.8 0.7* 
Humber Plume 2 0.40 0.51 5.4 53 0.5* 
Coastal North Sea 3 6.3 
Scheldt Estuary 3 1.3 
1 Millward et al., 1994; 2 Turner et al., 1992b; 3 Barbeau and Wollasl, 1994. *Results from 
this study. 
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5.4. Partitioning Experiments with Particles of Different Settling Velocities. 
Transport of SPM in the water column is dependent on the interplay between turbulent 
advective flow and the settling velocity of the particles. Therefore preferential uptake ofNi 
onto specific settling fractions of SPM in the water column could have implications for the 
transport of Ni out of the water column. The aim of this experiment was to examine the 
partitioning of Ni between different settling fractions of SPM collected using a settling 
velocity tube (SVT; see Section 2.1.3.) from the Humber Mouth and Holdemess Cliffs to 
establish if particle settling velocity effects Ni partitioning in the Humber coastal zone. 
a) 
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Figure 5.4. Comparison of ~5's (Ni) determined for each time fraction of SPM yielded 
from the SVT following it' s deployment at (a) the mouth of the Humber Estuary and at (b) 
Holderness. The SPM concentration (-e-) of each SVT fraction is also presented. 
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Results of this study are illustrated in Figure 5.4. (a) and (b) where it can be seen that the 
partitioning of Ni amongst settling fractions of Humber material is highly variable 
compared to the relatively consistent partitioning ofNi observed for Holderness SPM. For 
the SVT performed at the Humber Mouth the two highest Kd5's, both of 1.9 x 103, are 
observed in the fastest settling fraction, indicative of temporarily suspended particles, and 
in the residual fraction, representing permanently suspended particles. The three SPM 
fractions yielded at intermediate time intervals are much lower with an average ~5 of 1.0 
x 103 ± 5.7 x JOI. In contrast the Kd5's determined for all the Holderness settling fractions 
are almost uniform with an average Kd5 of 7.1 x I ()2 ± 2. 5 x 102 obtained. 
The uniformity observed in Ni partitioning for Holderness material could be due to the fact 
that compositional analysis has revealed that 70% of Holderness material is < 63 IJm in 
size (McCave, 1987). Therefore due to the homogenity of this particle population 
significant differences in particle settling velocity may not be apparent or detectable which 
would explain the similarity between the Ni Kd5's observed for each SPM fraction yielded 
from the SVT, 7.1 x 102 ± 2.5 x 102, and the comparable Kd5 determined for an 
unfractionated Holderness Cliff sample of 6.7 x 102 (see Table 5.2.). 
For Humber Estuary particles it would appear that two very different settling fractions 
dominate the scavenging of dissolved Ni; a permanently suspended fraction of slow 
settling velocity and a temporarily suspended fast settling fraction. It is established that 
higher trace metals contents are associated with fmer suspended matter due to the higher 
organic carbon content of these particles providing better sorption sites for metal 
adsorption (Duinker, 1983) and therefore the high Kd5 obtained for the permanently 
suspended, slow settling fraction of Humber SPM is consistent with this. Turner and 
Millward (1994) also reported an order of magnitude difference in Kd5's between 
temporarily suspended and permanently suspended fractions of SPM obtained from the 
Dee estuary with increased metal (Cd, Cr, Cs, Fe, Mn, Zn) Kd5's observed for the 
permanently suspended fraction. These findings however do not explain the high Kd5 
concurrently obtained for the fast settling (or temporarily suspended) fraction of Humber 
SPM. Turner et al. (1991) observed particles of elevated specific surface area (SSA) 
within the Humber estuary and attributed their increased SSA to the precipitation of 
anthropogenic Fe onto the particles. Previous studies have implicated the role of Fe and 
Mn coatings in enhancing the SSA of particles (Martin et al., 1986; Glegg et al., 1987; 
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Millward et al., 1989) and vast quantities of acid-iron waste (115,000 kg d-1; Tioxide, 
1994) are discharged into the Humber Estuary annually. The particulate Fe and Mn 
concentration of each settling fraction collected from the Humber and Holdemess SVT 
was therefore analysed and the results are listed in Table 5.4. It can be seen that whilst the 
average Fe and Mn concentration is higher for the Humber estuary SVT compared to the 
Ho1demess SVT there is no direct correlation ofNi 1<.!5 with particulate Fe and Mn in each 
fraction at the 95% confidence interval. These findings therefore do not directly support 
this proposed mechanism. However it is also worth noting that the fast settling fraction (5 
minutes) in addition to containing particles of fast settling velocity will also contain some 
particles of low settling velocity present in the water sample when it was taken and 
therefore it could be the influence of some small, slow settling particles that have increased 
the 1<.! value of this settling fraction. 
Table 5 .4. Concentrations of particluate Fe and Mn in each fraction of the SVT deployed 
at the Mouth of the Humber Estuary and the Holdemess Cliffs. 
Humber SVT Holdemess SVT 
SVT Fraction Fe (mg g-1) Mn (Jlg g-1) Fe (mg g-1) Mn (Jlg g-1) 
5 17.0 878 10.3 562 
20 17.7 958 5.6 338 
80 10.4 562 11.0 653 
280 17.2 802 10.7 555 
Residual 10.7 493 4.9 276 
Mean ± st. dev 14.6 ± 3.7 739 ± 202 8.5 ± 3.0 477 ± 161 
5.5. Mixing Experiments. 
5.5.1. Effluent Mixing Experiments. 
Prior to the survey of winter/93, a sample of industrial effluent was collected from the 
discharge pipe at the British Petroleum (BP) chemicals site, Saltend, situated on the 
northern banks of the Humber Estuary (see Section 2.1.5 for details). Chemical analysis of 
the effluent have revealed significantly high concentrations of dissolved and to a lesser 
extent particulate Ni and Zn relative to concentrations recorded at the Humber mouth 
(Table 5.5.) and therefore mixing experiments were undertaken to simulate the mixing of 
the industrial effluent with Humber Estuary water to examine the behaviour of dissolved 
Ni and Zn when discharged from a complex effluent into estuarine waters. 
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Table S.S. Comparison of dissolved and particulate Ni and Zn concentrations in BP 
effluent to mean concentrations recorded at the mouth of the Humber Estuary. 
Nid(!lg 1-1) Nip (f.lg g-1) Znd (f.lg 1-1) Z11p (!lg g-1) 
BP Effluent 8.78 ± 0.03 19.0 266 ± 13.S 210 
Humber mouth 
Autumn/94 1.67 ± 0.61 20.9 ± 6.0 6.62 ± 9.19 187 ± 32 
Winter/9S 1.41 ± O.S2 28.8 ± 3.S 3.74±1.40 194 ±ss 
Spring/9Sb 1. 76 ± 1.01 22.4± 10.9 1S.6 ± 11.1 127±S1 
Summer/9S 1.80 ± 0.74 20.7 ± S.8 3.8S ± I.S6 1SS ±SS 
The first experiment investigated the mixing of effluent into waters of different salinities. 
The aim was to examine if point of release of the effluent into the Humber estuary had any 
effect on metal partitioning. This experiment specifically used filtered estuarine water in 
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Figyre S.S. The variation in a) Ni and b) Zn Kd as BP effluent is mixed with filtered 
estuarine water of varying salinity. 
Results are presented in Figure S.S. and indicate that the Ni Kd's decrease with salinity. A 
reduction in partitioning with increasing salinity has been noted for a number of other 
elements (Cr, Cs, Cd and Zn) in laboratory mixing experiments (Turner, 1996) and can be 
1S7 
explained by dissolved metal speciation calculations (Turner et al., 1981 ). As salinity 
increases there is also an increasing competition for particle sorption sites from seawater 
cations (Ca2+ and Mg2+). In addition the dissolved Ni available will be increasingly 
complexed by chloride ions and become less available for sorption as salinity increases. 
Therefore these results indicate that if the effluent is released at higher salinities there is 
increased competition for active sites and the proportion of Ni remaining in the dissolved 
phase of the effluent will be lower compared to release of the effluent at a lower salinity 
site. The results for Zn are shown in Figure 5.5. b and indicate that Zn K.!'s remain 
approximately constant despite the variation in salinity. This suggests that point of release 
of the effluent into the Humber Estuary makes little difference to the partitioning 
behaviour of Zn. 
The particulate and dissolved Ni and Zn concentrations presented in Table 5.5 indicate that 
the stable Ni and Zn K.!'s for the BP effluent are 2100 and 790, respectively. Comparison 
of these values to the radioisotopic K.!'s for Ni and Zn at salinity 0 (see Figure 5.5) shows 
that the latter Kd's are higher than the stable values which is a reverse of the usual trend 
(see Section 1.3.1.). This maybe due to the chemical complexity of the effluent which 
included a range of organic compounds which could of influenced the speciation of Zn and 
Ni, together with colloidal materials which had differing reactivities towards Ni and Zn. 
The second mixing experiment considered the effect of BP effluent mixing with turbid 
estuarine water on Ni and Zn partitioning. Results are presented in Figure 5.6. and it can 
be seen that for Ni despite the increasing SPM concentration of the estuarine water Kd's 
decrease as the proportion of effluent in the mixed suspension decreases. This suggests 
that Ni has a greater affinity for the particulate phase of the effluent as opposed to the 
estuarine particles. The reason for this is not known but there is a high content of organic 
waste products in the effluent and possibly some organic Ni complex could have formed. 
In contrast the Zn Kd's varied according to the SPM concentration of the mixed 
suspensiOn. Up to a salinity of 6 the Zn I<.! increased with SPM concentration. The Kd 
dropped at a salinity of 9 which coincided with a fall in SPM concentration. At a salinity 
of 12 the SPM concentration levelled out but the Zn Kd increased again. This trend in Zn 
partitioning indicates that Zn has a greater affinity for the particulate phase of the estuarine 
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Figure 5.6. The variation in a) Ni and b) Zn Kd (___.,__) as BP effluent (Salinity 0) is 
mixed with turbid estuarine water collected from outside the BP outfall pipe (Salinity 12). 
The SPM concentration for each incubation is also shown(----&-). 
5.5.2. Humber-Holdemess Particle Mixing Experiment. 
A mixing experiment simulating the confluence of Humber and Holderness coastal SPM 
within the Humber coastal zone was performed to examine the relationship between Ni 
and Zn uptake and the proportion of end-member particles present. Results are presented 
in Figure 5. 7. and indicate a linear relationship exists between the percentage of Humber 
particles present and magnitude of Kd for both Ni and Zn with regression analysis 
confirming an r2 of 0.994 for Ni and 0.956 for Zn at 95% confidence. Humber particles 
therefore have an additive effect (Honeyman and Santschi, 1988) on the scavenging of Ni 
and Zn from the dissolved phase. This additivity is positive as Kd increases with an 
increase in the proportion of Humber particles present. 
Previous studies of metal uptake onto a mixing series of Humber and Holderness particles 
(Millward et al., 1994) have revealed a similar aditivity relationship observed for 65Zn in 
which Kd increases with increasing Humber particles. In this previous experiment Zn ~ 
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varied from 1 x 103 at Holdemess to 4 x 103 at the Humber mouth which is significantly 
lower than the Kd's obtained in this study of 5 x 103 - 34 x 103. However other studies 
(Turner et al., 1993) have noted Zn Kd's of 11 x 103 at the Humber mouth indicating that 
Zn ~·s can vary by up to an order of magnitude difference in the Humber coastal zone 
and this is possibly due to the particle type present. 54Mn and I09Cd also demonstrated 
greater uptake onto Humber particles however this uptake was non-additive. In 
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figure 5.7. Kd (llll)as a function of% Humber particles present in a mixed suspension of 
Humber and Holdemess SPM for a) Ni and b) Zn; -- represents predicted ~ from 
Equation 5.16. 
An equation describing Ni Kd as a function of Humber particles present m a mixed 
suspension of Humber and Holdemess particles has been derived as follows: 
Kd = c + m SPMHurnber (5.16.) 
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where SPMHumber is the fraction of Humber particles present in a mixture of Humber 
estuary and Holdemess cliff particle end-members; c = 2.55 and m= 0.157. This equation 
has also be applied to modelling Zn 1<..! as a function of Humber and Holdemess particles 
using values of c = 16.4 and m = 3 .12. The prediction of Kd using this equation is 
demonstrated in Figure 5.7. 
5.6. Productivity Experiments 
5. 6.1. Introduction. 
Phytoplankton studies were perfonned to establish the role of phytoplankton in the uptake 
of Ni and Zn in the Humber wash coastal zone and to specifically examine the extent to 
which the processes of active biological uptake, bacterial action and passive adsorption 
onto phytoplankton cells are to account for such uptake. Details of the methodology used 
have been described in Section 2.3.7. 
5. 6. 2. Results. 
A summary of the Kd values obtained for Ni and Zn during the six productivity 
experiments and respective water column parameters and trace metal concentrations for 
each sampling site are presented in Table 5.6. The 1<..! values for each site are also 
presented in Figure 5.8. adjacent to a plot of the respective SPM and chlorophyll 
concentrations of the water column at the time of sampling and, in addition, the 
productivity rate measured in the water column. An immediate observation is the contrast 
in water column parameters between the three sites sampled in spring/95a and summer/95. 
In spring/95a, for all three sites, the mean water temperature was 6.284 ± 0.144 oc 
compared to summer/95 when the mean water temperature had more than doubled to 
14.114 ± 2.423 °C. More significantly average chlorophyll concentrations for the three 
sites decreased from a maximum of 7.3 ± 2.4 !lg 1-1 in spring/95a to 1.9 ± 1.8 !lg 1-1 in 
summer/95 which was also a trend reflected by the productivity rates (mgC m3 d-1) which 
were greatest in spring/95a at an average of 892 ± 613 but declined to 87 ± 92 in 
summer/95. 
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Table 5.6. Ni and Zn Kd values determined in productivity experiments in spring/95a and summer/95; average ± st. 
dev Kd's are presented for the light and dark incubated samples where n=3. Corresponding hydrographic parameters 
and particulate Fe, Mn, Zn and Ni concentrations of the surface water sample used in each productivity experiment are 
also presented. 
spring/95a summer/95 
I 2 3 4 5 6 
Water Depth (m) 5.450 4.900 4.575 3.625 4.225 4.325 
Temperature (0 C) 6.142 6.279 6.430 13.286 12.213 16.842 
Salinity 33.543 33.123 34.478 33.876 34.174 33.614 
Chlorophyll (Jlg J-1) 9.9 5.1 7.0 0.6 1.1 4.0 
SPM (mg I-1) 11.19 13.72 3.67 11.95 1.88 3.86 
[Fe] (mg g-1) 13.5±0.1 13.9 ± 0.01 12.3±0.1 10.1 ± 0.2 2.0 ± 0.4 8.89 ± 0.1 
[Mn] (Jlg g-1) 633.5 ± 10.0 688.3 ± 11.5 709.3 ± 24.2 563.6 ± 8.5 53.6 ± 2.8 nd 
a-. [Zn] (Jlg g-1) 166.9 ± 22.1 196.4±13.1 180.5 ± 10.2 104.2 ± 1.5 27.8 ± 1.5 nd N 
[Ni] (Jlg g-1) 15.4 ± 0.5 14.3 ± 0.2 12.8 ± 0.8 12.0 ± 0.4 7.22 ± 0.5 nd 
Ni K.J (x 102) 
Light 4.8 ± 0.2 5.5 ± 0.6 7.2 ± 0.4 19 ± 2.6 13 ± 1.9 22 ± 1.3 
Dark 4.1 ± 0.2 4.9 ± 0.4 6.1 ±0.7 11 ± 1.4 7.6 ± 1.6 14 ± 1.7 
Posioned 3.3 5.0 3.8 5.6 9.5 9.8 
Zn K.J (x 103) 
Light 2.2 ± 0.5 1.7±0.3 1.5 ± 0.3 4.2± 0.6 3.0 ± 0.6 11 ± 2.2 
Dark 1.7 ± 0.2 1.5 ± 0.3 1.5 ± 0.4 3.7 ± 0.4 2.3 ± 0.7 7.7±1.1 
Posioned 1.7 1.5 1.3 2.2 0.9 4.7 
nd - non detectable. 
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Figure 5.8. Left hand graphs illustrate Ni and Zn Kd values calculated for water samples 
incubated under poisioned (e), dark (.A) and light (•) conditions for productivity 
experiments a) 1, b) 2, and c) 3 undertaken in spring/95a. Light and dark values represent 
the average of 3 replicates. Horizontal arrow indicates average plume Kd for lithogenic 
material (Section 5.3.) Measurements of SPM concentration (D), Chlorophyll (e ) and 
primary production (!:::.) recorded at each sampling site are presented in the corresponding 
right hand graph. 
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Figure 5.8 . continued. Left hand graphs illustrate Ni and Zn Kd values calculated for 
water samples incubated under poisioned (e), dark (A) and light (•) conditions for 
productivity experiments d) 4, e) 5 and f) 6 undertaken in sum.mer/95 . Horizontal arrow 
indicates average plume Kd for lithogenic material (Section 5.3 .) . Measurements of SPM 
concentration (D), Chlorophyll (e) and primary production ( 6) recorded at each 
sampling site are presented in the corresponding right hand graph. Please note that for the 
Kd graphs the scale on the Ni Kd and Zn Kd axes have both been altered between figures 
a), b) and c) and figures d), e) and f). 
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Examination of the Kd values for both Ni and Zn for the two sampling periods indicates a 
similar distinction between the values obtained in spring/95a and those obtained in the 
summer/95 however results show that in the spring/95a, when high chlorophyll 
concentrations and greater productivty rates were recorded indicative of bloom conditions, 
Ni and Zn ~values were at there lowest while in the summer/95, when productivity rates 
had fallen and chlorophyll concentrations were low, ~ values were significantly higher. 
For example in Figure 5.8. a; b; c, representing sites sampled in spring/95a, it can be seen 
that the maximum ~ value obtained for Ni was 7.2 x 102 during the third productivty 
experiment (graph (c)) corresponding to a productivity rate of 1482 mgC m3 d-1 and a 
chlorophyll concentration of 7.0 11g 1-1. The highest Kd value obtained for Zn was 2.2 x 
103 during the first productivty experiment (graph (a)) corresponding to a productivity rate 
and chlorophyll concentration of 936 mgC m3 d-1 and 9.9 11g 1-1, respectively. In 
comparison if figures 5.8. d; e; and f, representing the three sites sampled in summer/95, 
are examined it can be seen that the highest Kd's obtained for both Ni and Zn at 2.2 x 103 
and 1.1 x 104, respectively, were obtained during productivty experiment 6 (graph (f)) 
which had a productivity rate of only 193 mgC m3 d-1 and a chlorophyll concentration of 
4.0 11g 1-1. SPM concentrations are uniformly low throughout all the productivity 
experiments, ranging from 1.8 to 13.7 mg 1-1, indicating that SPM effects are not likely to 
have influenced the uptake of Ni and Zn. 
What is also of significance regarding these results, for both Ni and Zn, is that for all the 
six productivity experiments undertaken, covering both spring/95a and summer/95 survey 
periods, Kd values appear to vary as to the conditions under which they were incubated 
with greatest ~·s always obtained for those samples incubated under light conditions. 
Actual t-test analysis of the data, however, indicates that despite the visible differences in 
Figure 5.8. none of the three ~ values obtained for Zn for a single productivity 
experiment were significantly different to one another. However for Ni experiment 1 of 
the spring/95a incubations and all three of the summer/95 incubations had significantly 
different Kd values for the samples incubated under light, dark and poisioned conditions. 
These results are therefore interesting as they indicate that different processes could have 
contributed to Ni uptake in coastal waters and more importantly identify the process 
effecting greatest metal uptake. 
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The lowest Ni K.t's were generally obtained for those samples poisoned indicating that in 
the absence of any biological effects Ni uptake by particle processes alone was measurable 
however rates of metal uptake were generally low. For those samples incubated in the 
dark intermediate K.t's were obtained. These samples were not poisoned indicating that a 
biological process could of contributed to the Ni uptake but since the samples were 
permanently kept in the dark photosynthesis did not occur and the Ni uptake observed 
could only have been due to microbial assisted uptake. In contrast, the greatest Ni uptake 
was observed when the samples were incubated in daylight indicating that the Ni uptake 
observed would have been due to a biologically mediated processes and specifically one 
that occurred whilst the phytoplankton were photosynthesising when exposed to sunlight. 
If the water samples used in any of the experiments consisted entirely of dead 
phytoplankton cells then no photosynthesis or Ni uptake during photosynthesis could of 
occurred and therefore the light, dark and poisoned samples would have a similar Kd value. 
However since this is not the case this results imply that during spring and summer blooms 
phytoplankton actively assimilate Ni in coastal waters and this causes greater metal uptake 
than particle processes alone. Due to the fact that none of the Zn K.t values for a single 
productivity experiment were proved to be significantly different these assumptions of 
biological uptake cannot be applied to the Zn data. All that can be concluded is that 
uptake by particle processes occurred during all the experiments and biological effects did 
not aid uptake. However the trend of consistently higher K.t's under light conditions 
implies that possibly biological processes were beginning to take effect during the 
incubations but not at a sufficiently high enough rate to be distinguished. 
The frndings for Ni however still require explanation as it has been identified that a 
process of active biological uptake is effecting the greatest metal uptake but despite this 
the highest Kd's observed for Ni were in summer/95 when surface chlorophyll 
concentrations and productivity rates were low. In comparison spring/95a Kd's were lower 
when conditions were more indicative of a spring bloom. Further evidence of the 
environmental conditions of the water column at the time of sampling for each of the six 
sites are given in Figure 5.9., illustrating the water column profile of chlorophyll and 
downwelling irradiance (DWIR) at the time of water collection, and Figure 5 .I 0. 
illustrating surface concentrations of nitrate, nitrite, silicate and phosphate throughout the 
two cruises. Considering Figure 5.9. first, it can be seen that the contrast in chlorophyll 
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Figure 5.9. Variation with depth of downwelling irradiance (--) and chlorophyll 
(--)for productivity experiment sampling sites (see Figure 2.7.) (a) 1, (b) 2, and (c) 3, 
in spring/95a and (d) 4, (e) 5 and (f) 6 in summer/95. The chlorophyll profile data for 
spring/95a may be suspect. 
that in the summer profiles (Figure 5.9. d; e; f) there are greater concentrations of 
chlorophyll at depth. Joint and Pomroy (1993) observed chlorophyll values of up to 3 Jlg J-1 
at depths of up to 2Sm in the Tees--Thames coastal region and attributed them to the 
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sinking of phytoplankton from the surface. Therefore these results imply that in spring/95a 
an initial bloom was occuring but by summer/95 previous blooms were decaying and sinking 
thorough the water column. The DWIR data is harder to differentiate but definately there 
appears to be a greater body of biogenic matter building up in the near surface water 
column in surnrner/95 supporting the conclusions drawn from the chlorophyll profiles of 
sinking biogenic matter. The nutrient concentrations in the surface water column are 
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Figure 5. 10. Surface concentrations of nitrite, nitrate, silicate and phosphate as a function 
of time for cruises a) spring/95a and b) summer/95. Times at which water samples for the 
six productivity experiments were taken are shown. 
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It can clearly be seen that in the spring nutrient levels are high ready to support a spring 
bloom however by the summer nutrents have been depleted by phytoplankton blooms 
hence possibly leading to the lower productivity rates measured in the summer. Overall 
this additional environmental data supports the original suggestion that bloom conditions 
were present inspring and lower productivity occured later in the summer but they do not 
explain the difference in Ni I<..!' s obtained. 
Koelmans et al. (1996) measured the redistribution of trace metals in decomposing 
plankton. It was found that during the mineralization of the cyanobacterium Anabaena 
spp. there was an increase in Kd for Cd, Cu and Pb by a factor of 4, 8 and I 0-20, 
respectively. This increase in I<..! was attributed to a higher affmity of the metals for the 
adsorbent which may of been due to a) the decomposition of the algal cells increasing the 
surface available for sorption or yielding surfaces for which metals have a higher affinity 
or b) the growth of bacteria responsible for the mineralization of the algae contributing to 
the surface available for sorption. In this study there was an increase in Kd with lower 
productivity rates in summer/95 and therefore the greater uptake of Ni by decomposing 
algal cells may explain the higher K/s observed. However, as stated before higher K.!'s 
were observed for samples incubated in the light as well as the dark and whilst greater 
uptake by mineralizing plankton may explain the higher K.!'s observed for the samples 
incubated in the dark they do not explain the even higher K.!'s observed for the samples 
incubated in the light which occured during photosynthesis. 
An alternative factor which could account for the marked variation in Ni I<..! values 
observed between spring/95a and summer/95 could be related to the species compostion of 
the water column. Riley and Roth (1971) suggested that the distribution of metals in 
phytoplankton cultures was not correlated to taxonomy and further studies have supported 
this concluding that the rate of metal internalization by phytoplankton is invariant for a 
given trace metal and a given phytoplankton species (Harrison and More! 1986; Sunda and 
Huntsman 1985). To the contrary other authors have concluded that phytoplankton species 
is a predominant factor influencing the uptake of metals by phytoplankton (Romeo and 
Gnassia-Barelli, 1985; Hardstedt-Romeo, 1982) and that the retention of metals by 
phytoplankton is variable among phytoplankton species (Fisher and Wente, 1993). 
Previous studies have indicated that there are over 60 species of phytoplankton throughout 
the North Sea (de Wolf and Zij lstra, 1988) but spring blooms in the North Sea are usually 
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dominated by the diatoms, after which dinoflagellates are abundant in summer {Adams, 
1987). Lugol and formalin samples were taken at each site but unfortunately the analysis of 
species composition was not completed and therefore the role of different phytoplankton 
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Figure 5.11. Variation in productivity rates and uptake of radiolabelled nitrate, ammonia, 
urea and phosphate for a) spring/95a (productivity experiments 1, 2 and 3) and b) 
summer/95 (productivity experiments 4, 5 and 6). Nitrate uptake value for experiment 6 is 
unavailable. Data supplied by kind permission of Dr. P. Shaw, SOC. 
An additional explanation for the greater uptake of Ni during the summer/95 productivity 
experiments could be due to the biochemical role of Ni in urea assimilation by marine 
phytoplankton (Price and More!, 1991 ). Urea is an important source of dissolved N for the 
growth of many phytoplankton (Anita et al. , 1975) and provides a sizable fraction of their N 
requirement in natural waters (Harrison et al., 1985; Price and Harrison, 1988). The 
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utilization of urea by phytoplankton is dependent on the enzyme urease which in turn 
requires Ni as this is a constitutive element in the urease enzyme (More! et al., 1991). 
Price and More! (1991) observed that phytoplankton growing on urea as a sole source ofN 
are limited by low free Ni concentration, but those growing on nitrate or ammonia are not. 
Figure 5.11. (a) and (b) illustrate the uptake of nutrient species during the spring/95a and 
summer/95 productivity experiments as measured by Southampton University during 
simultaneous incubations of the water samples collected for metal uptake incubations. The 
results indicate that in the spring/95a when concentrations of nutrients are high (see Figure 
5. l 0. a) there is greater uptake of nitrate indicating this to be the greatest source of N to the 
phytoplankton with ammonia and urea uptake minimal. In comparison in the summer/95 
when nutrient concentrations have been depleted (see Figure 5.10.b) nitrate uptake is 
reduced and the uptake of ammonia and urea increase greatly. The increase in Ni Kd's 
observed in the summer months could therefore potentially be related to the greater uptake 
of urea by phytoplankton at this time as a source of N and the increased requirement for 
Ni. 
5.7. Conclusions. 
Novel experiments performed on dissolved Ni have shown that within the Humber coastal 
zone the removal of Ni from solution, by Humber and Holderness particle types, is rapid 
within the first 24 hours followed by slower uptake over the subsequent four days. 
However the uptake of Ni is much greater for Humber particles than particles of 
Holderness Cliff material and this is believed to be due to the higher concentration of 
ferromanganese oxides on the surface of the estuarine derived SPM. Modelling of Ni 
uptake and sequential leach experiments indicate that Ni uptake occurs via a two-step 
process of initial rapid and reversible adsorption onto particle surfaces followed by slower 
irreversible diffusion into the particle matrix. Spatial Kd5 experiments indicate that Ni 
Kd's vary widely throughout the Humber coastal zone. 
Mixing experiments performed on Ni and Zn have indicated that these metals react 
differently within a complex effluent. The release of dissolved Ni contained in the effluent 
into estuarine waters of varying salinity indicates that Ni Kd's decrease with increasing 
salinity. In contrast Zn Kd's remain approximately constant as a function of salinity. 
Results also show that dissolved Ni has a greater affinity for the particulate phase of the 
171 
effiuent as opposed to estuarine particles where as dissolved Zn shows the opposite trend. 
A mixing experiment simulating the confluence of Humber and Holderness particles in the 
Humber coastal zone indicates that both Ni and Zn have a linear relationship between the 
% of Humber particles present and magnitude of I<.J. Humber particles can therefore be 
said to have a positive additive effect on the scavenging of Ni and Zn from the dissolved 
phase. 
Results from the productivity experiments have shown that Ni uptake in the Humber 
coastal zone is mediated by a biological process during the spring and summer and that 
this process gives rise to higher K.J's than would be obtained by uptake by particle 
processes only. The Zn Kd's obtained in the study were not significantly different to 
confirm active biological uptake although the data did suggest biological processes were 
occurring. The factors controlling the rate and magnitude of metal uptake by biological 
processes are not fully understood highlighting the complexity of phytoplankton-metal 
interactions in coastal zones. The implications of these results are also complex as some 
authors examining the release rates of trace elements from decomposing planktonic debris 
have concluded that trace elements follow the fate of organic C and proteins and are 
therefore biologically recycled and have longer residence times in surface waters (Lee and 
Fisher, 1993; Twiss and Campbell, 1995) whilst other authors have concluded that sinking 
phytodetritus is an effective vector for the removal of particle reactive metals out of 
surface waters (Noriki et al., 1985; Fisher and Wente, 1993). Possibly further work needs 
to be performed to examine the retention and release rates of trace metals from 
phytoplankton to fully comprehend the role of phytoplankton in influencing trace metal 
distributions in coastal zones. 
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Chapter 6 - Conclusions and Further Work. 
6.1. Objectives and Achievements ofthis Study. 
This study has successfully evaluated a number of factors influencing particle-water 
interactions ofNi and Zn in coastal zones. All of the initial objectives have been achieved 
and a significant contribution to the advancement of trace metal transport models in coastal 
waters has been made. With regard to the objectives outlined in Section 1.4. the following 
achievements have been accomplished: 
1) An extensive seasonal database of particulate trace metal (Fe, Mn, Ni and Zn) 
concentrations in the Humber coastal zone have been reported constituting the most 
comprehensive seasonal trace metal database ever derived for this coastal zone. The 
data have provided an insight into the effects of seasonal cycles and interannual 
variability on particulate trace metal concentrations with distribution studies indicating 
that both particu1ate Ni and Zn exhibit a pronounced seasonal distribution in the 
Humber coastal zone. The seasonal distributions observed were influenced by the 
residual flow and metal flux from the Humber mouth at the time of the survey as well 
as environmental parameters such as wind speed and direction which controlled the 
spreading of the plume boundary. The trace metal concentration data have also helped 
identify the sources of particulate trace metals within the Humber coastal zone. 
Significant metal-salinity relationships for both NiP and ZnP were obtained for the 
Humber coastal zone indicating the Humber Estuary to be a significant source of 
particulate metals to the region. However, erosion of the Holdemess cliffs and 
resuspension of contaminated bed sediments were also identified as sources of NiP and 
Zfip. 
2) Simultaneous sampling of dissolved and particulate Ni and Zn at an anchor station in 
the Humber mouth coupled with residual flow data calculated for the Humber mouth 
has lead to the quantification of total (dissolved and particulate) Ni and Zn fluxes into 
the Humber coastal zone from the Humber Estuary for winter/93 to summer/95. This 
data represents the first quantification of seasonal metal fluxes from the Humber 
Estuary. Although there are uncertainties associated with the collection, storage and 
chemical analysis of water samples these are insignificant compared with the natural 
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variability encountered over tidal and seasonal cycles. For example, the flux estimates 
using the methods described in this thesis give fluxes which vary in the range of 3 - 57 
% over a tidal cycle. Furthermore the seasonable variability in dissolved and particulate 
fluxes varies from 1 - 3 orders of magnitude. The results indicate that Ni and Zn fluxes 
vary significantly between seasons with Ni fluxes ranging from 17 kg day-1 in 
summer/90 to 290 kg day-1 in winter/95 and Zn from 34 kg day-1 in surnmer/90 to1740 
kg day- I in winter/95. Estimates of an integrated annual average flux of Ni and Zn 
were in the order of 170 kg day-1 and 1070 kg day-1, respectively. It should be noted 
that these fluxes do not take account of lateral and vertical variations in residual flow 
and SPM concentrations, which could modify these values. However these fluxes are 
the only comparaters to NRA annual estimates of Ni and Zn inputs into the Humber 
Estuary from riverine, sewage and industrial sources. The descrepency between the 
NRA estimated inputs to the estuary and outputs to the North Sea (estimated as part of 
this study) suggests a degree of retainment of Ni and Zn within the Humber Estuary. 
Comparison of fluxes of Ni and Zn out of the Humber Estuary from 1988 to 1995 
indicates little significant change in metal output despite decreases in trace metal inputs 
to the estuary (see Section 1.2.2.3.). This also supports the suggestion that internal 
cycling of particulate material in the Humber Estuary is leading to the trapping of 
metals in estuarine sediments which, given the long particle residence time (- 20 years) 
of the estuary could sustain a long-term flux of trace metals from the Humber Estuary 
to the North Sea despite legislation restricting metal inputs into the estuary. The fluxes 
obtained have also underlined the dominance of the particulate phase in transporting 
metals from the highly turbid Humber Estuary in the winter, with the percentage of 
metal transported in the particulate phase ranging from 60-80 % for Ni and 70-90 % for 
Zn, although have shown the increased importance of the dissolved phase in the spring 
and summer where the percentage transported in the particulate phase reduces to 2-40 
% for Ni and 20-70 % for Zn. 
3) Novel studies have been undertaken to quantify the processes controlling the fluxes and 
reactivities ofNi and Zn in the Humber coastal zone. These studies have included: 
a) the first comprehensive investigation into the seasonal variation of trace metal 
settling velocities in the Humber coastal zone. Sedimentologists have extensively 
studied the settling behaviour of particles but the settling characteristics of 
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particle associated trace metals by marine chemists has received little attention. 
Williams ( 1995) undertook preliminary studies into trace metal settling velocities 
in the Humber plume and this study has further advanced understanding of trace 
metal settling velocities by investigating the effects of seasonal variation on trace 
metal settling. In addition the use of particle size data obtained using an in situ 
technique has resulted in more realistic particle diameters being obtained. Results 
indicate that the settling velocities of NiP and ZnP vary significantly throughout 
the year with average settling velocities ranging from <l-163 Jlm s-1 for Ni and 2-
218 Jlm s-1 for Zn. In relation to the settling velocity of SPM Ni and Zn tended to 
settle slower than the average SPM in winter but at the same rate in spring which 
has implications for trace metal transport models such as NORPOL (Murphy and 
Odd, 1993) which at present do not account for these variations. 
b) an assessment of the partitioning behaviour of Ni (and to a lesser extent Zn) onto 
different SPM types within the Humber coastal zone. This has involved the 
application of a novel technique using radioisotopic 63Ni to establish the kinetics 
of Ni uptake onto Humber Estuary and Holdemess SPM and to provide first 
estimates of system response times for Ni. Results indicate that for both particle 
types removal of Ni from solution was rapid within the first 24 hours followed by 
slower uptake over the next 4 days. Ni uptake was greater for Humber particles, 
potentially due to the higher concentration of Fe and Mn oxides on these particles. 
Modelling of Ni adsorption and sequential leach experiments indicate a two-step 
process of Ni uptake of initial rapid and reversible adsorption onto particle 
surfaces followed by slower irreversible diffusion into the particle matrix. 
Calculated response times for both SPM types were similar at approximately I 
day. The variation in Ni and Zn partition coefficients <K.J's) with different 
particle end-members was observed during mixing experiments simulating the 
mixing of industrial effluent with estuarine water and Holdemess Cliff material 
with Humber mouth SPM. For the mixing of Humber and Holdemess SPM it 
was shown that both Ni and Zn demonstrate a linear relationship between % of 
Humber particles present and magnitude of Kd with Humber particles exerting an 
additive effect on the scavenging of Ni and Zn from the dissolved phase. At the 
Humber Mouth analysis of stable Ni and Zn in the dissolved and particulate phase 
allowed the determination of stable Kd values. The Ni ~·s were relatively 
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constant at 104 and independent of seasonal variability, a fact explained by the 
association of Ni to Fe oxide phases. In contrast Zn showed considerable 
variation in spring and summer with an order of magnitude difference in K.! that 
was not related to Fe oxide phases. 
c) the first in situ investigations within the Humber coastal zone into the effects of 
biological influences on Ni and Zn uptake. A unique technique, involving 
collaboration with biologists from Southampton Oceanography Centre, was 
adopted to study the uptake of Ni and Zn under spring/summer bloom conditions. 
Results indicate that Ni uptake in the Humber coastal zone can be mediated by a 
biological processes during the spring and summer and that this process gives rise 
to higher K.J's than would be obtained by particle processes alone. The Zn K.J's 
obtained were not significantly different to confirm active biological uptake. 
These experiments provide the first quantification of biologically mediated uptake 
of Ni and Zn in the Humber coastal zone and have identified whether 
phytoplankton are significant contributors to the transport and recycling of trace 
metals. However, the factors controlling the rate and magnitude of metal uptake 
by biota have not been fully resolved within this study. This is partly due to the 
complexity of phytoplankton-metal interactions in coastal zones; a problem which 
has been compounded in this study by the delay/lack of reliable chlorophyll and 
Phaeocystis data, calibrated oxygen concentrations and phytoplankton species 
analysis provided by the core programme. 
Instrumental to the studies referred to in points (a) and (c) above has been the interaction 
with other scientists working within the LOIS community. This study has successfully 
shown how collaboration with both sedimentologists and biologist has provided new 
insights into the settling and transport of particulate trace metals and proved fundamental 
to quantifying the uptake of trace metals by phytoplankton. The interdisciplinary approach 
adopted in this study has established the importance of data integration in advancing our 
understanding of the reactivities and geochemical cycling of trace metals. Such an 
approach should be maintained and extended in future studies in order to further quantify 
these processes and improve modelling capabilities. 
177 
4) This study has identified some of the key processes affecting trace metal behaviour in 
the Humber coastal zone and has determined essential partition coefficients and metal 
settling velocities which will assist in the refinement of a conceptual model for trace 
metal transport in coastal zones (see Section 6.2. for further details). The seasonal data 
base of particulate trace metal concentrations in the Humber coastal zone and trace 
metal fluxes to theregion will also greatly assist in the parameterization and testing ofa 
trace metal transport model of the Humber coastal zone. 
62. hnplications for Modelling the Transport of Trace Metals. 
Fundamental to modelling trace metal transport in coastal zones is an understanding of the 
effect of estuarine inputs of contaminant trace metals mixing with different particle 
populations under varying hydrodynamic regimes encountered in the immediate plume 
region. Several hydrodynamic factors will effect the rate of transport, mixing and 
resuspension of SPM however the main factor preventing sediment transport out of the 
region is that of particle settling. 'Jihis thesis has provided the first seasonal data base of 
particulate metal settling velocities for the Humber mouth and the variability in metal 
settling densities, illustrated in Figure 6.l.a and b, has important implications for trace 
metal transport models. 
These diagrams indicate the density changes in particulate metals throughout the year 
relating to changes in the composition of SPM present in the water column. For Ni, Zn, 
Fe and Mn there are considerable seasonal changes with all metals exhibiting lowest 
densities in the summer conducive to long range transport out of the Humber coaStal zone, 
In contrast metal densities increase in autumn and to a greater extent in winter thereby 
increasing the Iikelyhood of particle associated metals settling in nearshore plume 
sediments. The greatest densities were obtained in spring indicating these particulate 
metals were unlikely to ~dergo long range transport out of the Humber coastal zone. 
However, in addition to the settling characteristics of particle associated trace metals 
another important aspect to modelling the transport of trace metals in coastal zones is an 
understanding of the proportion of metal associated with the particulate phase. The 
partitioning of trace metals between the particulate and dissolved phase has been 





























Fillllfe 6.1. Comparison of the density of (a) Nip ( •) and Z11p (0) and (b) FeP (+)and Mnp 
(*) for each SVT experiment performed. Solid lines represent lines of constant density 
(kg m-3) for SPM samples obeying Stokes' Law (see Section 4.4.) 
been derived for particle end-members within the Humber coastal zone. This is 
summarised for Ni in Figure 6.2. (d) in which the variability in Ni partitioning in the 
Humber coastal zone throughout the year is illustrated. This plot highlights the difficulties 
associated with assessing the partitioning of any trace metal within the Humber coastal 
zone for this area has two dominant particle sources, namely estuarine SPM and 
Holdemess SPM, with different partition coefficients. Plume K.!'s are variable too as these 
represent the effects of the mixing of the two SPM types and possibly a third biological 
SPM ·end-member imposed in the spring and summer. Figures 6.2. a-c illustrate the 
variability in average .particulate Ni concentrations detected during this study at the 
Humber mouth, Holdemess Cliffs and within the Humber Plume throughout winter, spring 
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and summer and demonstrate the effects of the variability in Ni partitioning on particulate 
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figure 6.2. Variation in average NiP concentrations (!lg g-1 ± standard deviation) at 
Holderness, the Humber Mouth and Coastal Waters during (a) Winter/95, (b) Spring/95b 
and (c) Summer/95. The spatial and temporal variability in radiochemically determined 
Ni Kd's is illustrated in Figure (d). 
In an attempt to predict the % of particle associated Ni as a function of SPM concentration 
for the Humber coastal zone a two component particle mixing model, incorporating the Ni 
K.J's observed for Humber and Holderness SPM in this thesis, has been derived. The 
model assumes additivity and can be defmed in terms of: 
Particle type 1 = SPMHu at the Humber Mouth 
Particle type 2 = SPMHo at Holderness 
180 
If it is assumed that: 
% Particulate Metal = 100 - % Dissolved Metal (6.1.) 
then: 
. I [ 100 ] % Part1culate Meta = l 00-
l + KdHuSPMHu + KdH0 SPMHo 
(6.2.) 
where K.rnu is the partition coefficient for Humber SPM and KdHo the partition coefficient 
for Holderness SPM. If the total SPM concentration is represented by SPMT then: 
(6.3.) 
If the fraction of SPMHu = X then: 
(6.4.) 
and Equation 6.3. can be written as: 
(6.5.) 
and inserted into Equation 6.2. to give: 
% Particulate Metal= 100- [ 100 ] 
l + KdHuSPM Hu + KdH0 SPM T - KdH0 SPM Hu 
(6.6.) 
Rearrangement of Equation 6.4. also gives: 
(6.7.) 
which can be inserted into Equation 6.6. to yield: 
% Particulate Metal= l 00- [ lOO ] 
l + KdHuXSPMT + KdH0 SPMT- KdH0 XSPMT 
(6.8.) 
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which can be rearranged to give: 
% Particulate Metal= 100- [ ( 100 )] 
1+SPMT KdHuX+KdHo -KdH0 X 
(6.9.) 
The % of particulate Ni as a function of SPMT concentration can therefore be predicted 
using Equation 6.9. and the end-member Ni K.J's derived in Chapter 5 using radiolabelled 
63Ni of KdHu = 1500 and KdHo = 200. The proportion of SPMHu as a fraction of the total 
SPM concentration is unknown and therefore various values of X of 0.01, 0.1 and 0.9 
representing the proportion of SPMHu present in a mixture of SPMHu and SPMHo have been 
used. The results are presented in Figure 6.3. (a) where it can be seen that for a mixture of 
SPM containing up to 90% Humber SPM there is a greater increase in % particulate Ni 
with SPM concentration due to the higher Kd obtained for Humber SPM. Also plotted on 
Figure 6.3.(a) are values of % particulate Ni, as a function of SPM concentration, 
calculated from radioactively derived K.J values determined for the Humber coastal zone 
(see Table 5.2., Section 5.3.). The majority of these values are at a SPM concentration of 
approximately 100 mg 1-1 and indicate a particle population of up to 10% Humber SPM, 
which would be expected for the outer boundaries of the coastal zone where these samples 
were taken. However, a single sample, at approximate SPM concentration of 400 mg 1-1, 
was collected closer to the mouth of the Humber Estuary within the Humber Plume and 
this correspondingly indicates a particle mixing ratio of just under 90% Humber SPM. 
A similar plot is also shown in Figure 6.3. (b) however the% particulate Ni curves have 
been predicted using a stable KdHu value of 20,000 based on the partition coefficient 
observed for samples collected in the Humber mouth of just over 104 (see Section 3.3.5.) 
and a stable KdHo value of 42,712 calculated from average concentrations of dissolved and 
particulate Ni determined at Holderness anchor stations from autumn/94 to summer/95 
(see Table 3.6., Section 3.3.2.). It can be seen that the use of field derived Kd's has a 
substantial effect on the prediction of% particulate Ni as a function of SPM concentration, 
for in this plot the Holderness material has a higher Kd value and therefore a reverse trend 
is observed with the % of particulate Ni decreasing with an increase in Humber SPM This 
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Figure 6.3. Plot of% particulate Ni as a function of SPM concentration according to 
Equation 6.9. Lines correpond to different values of X. Figure (a) assumes radioactive 
values ofKd ofKdHu = 1500 and KdHo = 200; Figure (b) stable Kd's ofKdHu = 20000 and 
~Ho = 42000. Additional symbols on Figure (a) represent radioactively determined 
plume ~'s. Symbols on Figure (b) represent field values of% particulate Ni for samples 
collected at the Humber mouth during five seasonal surveys. 
For example the high Kd estimated for Holdemess is probably an artefact of the 
overestimation of the fraction of particulate metal available to participate in exchange 
reactions, related to the use of a lM HCl leach, coupled with the exceptionally low 
dissolved metal concentrations detected in this region due to the proximity of North Sea 
waters. However, added to Figure 6.3.(b) are field values of% particulate Ni, calculated 
from dissolved and particulate samples collected in the mouth of the Humber Estuary. 
Theses points largely fall on or below the 90% SPMHu line which would be expected of 
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samples collected directly in the mouth of the Humber Estuary indicating the success of 
this simple model. Obviously particle mixing processes are far more complex than this 
within the Humber coastal zone however this model indicates the importance of defming 
the K.!'s for the dominant particle end-members. 
The other end-member of the Humber Plume particle mixing series which needs to be 
incorporated into a trace metal transport model and which may help to refme the 
prediction of % particulate metal in the Humber coastal zone is the particle-water 
interactions of phytoplankton. Particularly for Ni these values were significant, however, 
there inclusion in a particle mixing model of the type described above is hindered due to 
their variability with space, time (spring or summer) and the inherent characteristics of the 
phytoplankton bloom. However, attempts to relate the data to a definable parameter have 
indicated that the K.!'s obtained for Ni under light and dark conditions (see Section 5.6.) 
can be related to the productivity variables of photosynthetic efficiency (Alpha) and 
photosynthetic capacity (Pmax). Light Ni K.!'s produced r values of 0.72 and 0.73 when 
regressed against P ma• and Alpha, respectively, which although not significant at p <0.05 
for n = 6, showed a distinguishable trend (Figure 6.4.). This area of study is still highly 
developmental, however, further work into correlations of this type may offer a way of 
incorporating biological Kd's into trace metal transport models. 
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Figure 6.4. Plot of Ni Kd (obtained from producitivity experiments incubated in the 
light) as a function of P max (0) and Alpha (•). Solid and dashed line represent trend 
lines for the data. 
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6.3. Further Studies. 
As previously commented on, this study has provided fundamental measurements of 
partition coefficients and metal settling velocities which can be incorporated directly into a 
conceptual model for the fine sediment transport of trace metals in coastal waters. 
However these geochemical constants need to be coupled to a 3D hydrodynamical 
numerical model to provide a comprehensive coastal zone system which will effectively 
predict trace metal distributions in the coastal zone in response to variations in future 
inputs of metals to the region. Quantification of atmospheric trace metal inputs and 
porewater fluxes would need to be undertaken to complete the inputs of trace metals into 
the Humber coastal zone. 
Investigations into the settling behaviour of particle associated trace metals has greatly 
advanced understanding of the effects of seasonal variability on particulate trace metal 
settling velocities. However this is still an area that requires further attention. The 
contribution of different particle populations to each settling fraction has not been resolved 
and possibly it would be useful to examine if the settling profile of specific particle end-
members (i.e. sewage, industrial effluent, Holdemess ) could be related to the particle 
profiles observed in the Humber Mouth. Also the influence of spring and neap tides on 
particle settling has not been fully addressed and further seasonal experiments may help to 
substantiate the metal settling velocities obtained in this experiment. 
The use of radiolabelled 63Ni, coupled with scintillation counting, has proved a useful 
technique in examining the kinetics of Ni behaviour in coastal waters. However, only a 
limited number of preliminary experiments were undertaken in this study and further work 
could be performed to quantify, for example, the rate of Ni desorption from particle 
surfaces to examine the repartitioning ofNi during the mixing of particle end-members. 
Novel studies were undertaken within this thesis to investigate the effects of biological 
activity on trace metal uptake in coastal zones. The method used was found to be 
successful and initial results were obtained. However there is more scope for further 
incubations to be performed under more intense bloom conditions on a daily basis to 
investigate the uptake of metals over the entire duration of a phytoplankton bloom. This 
approach may assist in further understanding the factors influencing metal uptake by 
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biogenic :matter. llhe methodl used I could also. 'be appliedl ·to· other biogeochemicalltnetals 
'(CCd, Mn, 'Fe) and could be: developed' ,to· investigate :tite. fate o(trace' metals adsorbed I b): 
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Element parameters for Ni 
Instrument: Perkin Elmer 4100 ZL 
Wavelength (nm): 232.0 
Lamp Current (mA) : 7 
Background Correction : Zeeman AA 
Replicates : 3 (samples and standards) 
Matrix Modifier: none 
Calibration 
Solution ID 
Standard Blank Acid blank 
Standard I I 
Standard 2 2 
Standard 3 3 
Sample 
Diluent location : 37 
Modifier location : 38 
Cone 
Matrix: SPM (JM HCI) 
Sediment (JM HCI) 
Technique: THGA 
Slit width (nm): 0.2 Low 
Lamp Energy: 52 
Signal Measurement : Peak Area 
Read Delay (sec): 0 
Location Volume Diluent 
(J.Lg (-I) (J.Ll) Volume 
0.0 36 10 10 
200 40 5 10 
100 39 10 5 
50 39 5 10 
5 15 








Step Temp Ramp Hold Gas Flow Read Gas Type 
1 110 20 250 Ar 
2 140 15 40 250 Ar 
3 1150 10 20 250 Ar 
4 2400 0 5 0 * Ar 
5 2500 2 250 Ar 
Injection temp (0 C) : 20 Pipette Speed : 100% Extraction System : On 
AI 
Element parameters for Ni Matrix : Dissolved 
Instrument: Perkin Elmer 4100 ZL Technique: THGA 
Wavelength (nm) : 232.0 Slit width (nm): 0.2 Low 
Lamp Current (mA) : 7 Lamp Energy: 63 
Background Correction : Zeeman AA Signal Measurement : Peak Area 
Replicates : 3 (standards and samples) Read Delay (sec) : 0 
Matrix Modifier: none 
Calibration 
Solution ID Cone Location Volume Diluent Modifier 
(!lg/1) (Ill) Volume Volume 
Standard Blank Blank 0.00 36 20 0 
Standard 1 250 2.50 37 20 0 
Standard 2 500 5.00 38 20 0 
Standard 3 750 7.50 39 20 0 
Standard 4 1000 10.00 40 20 0 
Sample 20 0 
Diluent location : 36 
Modifier location : 
Calibration type : Linear passing through zero 
Calibration occurence : Complete recalibration every 10 Samples 
Furnace Program 
Step Temp Ramp Hold Gas Flow Read Gas Type 
IIO I 20 250 Ar 
2 130 5 30 250 Ar 
3 llOO 25 IS 250 Ar 
4 2300 0 5 0 * Ar 
5 2500 2 250 Ar 
Injection temp eq : 20 Pipette Speed : I 00% Extraction System : On 
A2 
Element parameters for Zn 
Instrument: Varian SpectrAA 300/400 
Wavelength (nm): 213.9 
Lamp current (mA) : 5 
Background Correction : Continuim 
Replicates : minimum of 3 
Calibration 
Solution ID 
Standard Blank Blank 
Standard l l 
Standard 2 2 
Standard 3 3 
Standard 4 4 
Sample 
Matrix: SPM (JM HCI) 
Sediment (JM HCI) 
Technique: Flame AA with microcup 
Slit width (nm): 1.0 
Signal Measurement : Peak Height 
Flame : Air-Acetylene 
Air: Acetylene flow (L/min): 13.5 : 2.00 
Cone Volume 







Calibration type : Linear passing through zero 
Calibration occurence : Complete recalibration every l 0 samples 
A3 
Element parameters for Zn Matrix : Dissolved 
Instrument: Varian SpectrAA 300/400 Technique: Flame AA with microcup 
Wavelength (nm): 213.9 Slit width (nm): 1.0 
Lamp current (mA): 5 Signal Measurement : Peak Height 
Background Correction : Continuim Flame : Air-Acetylene 
Replicates : minimum of 3 Air: Acetylene flow (Limin): 13.5 : 2.00 
Calibration 
Solution ID Cone Volume 
(jJg J-1) (1.11) 
Standard Blank Blank 0.00 200 
Standard I I 12.5 200 
Standard 2 2 25.0 200 
Standard 3 3 37.5 200 
Standard 4 4 50.0 200 
Sample 200 
Calibration type : Linear passing through zero 
Calibration occurence : Complete recalibration every 10 samples 
A4 
Element parameters for Fe 
Instrument: Varian SpectrAA 300/400 
Wavelength (nm) : 372.0 
Lamp current (mA): 10 
Background Correction : Continuim 
Replicates : minimum of 3 
Calibration 
Solution ID 
Standard Blank Blank 
Standard I I 
Standard 2 2 
Standard 3 3 
Standard 4 4 
Sample 
Matrix : SPM (JM HCI) 
Sediment (JM HCI) 
Technique: Flame AA with microcup 
Slit width (nm): 0.2 
Signal Measurement : Peak Height 
Flame : Air-Acetylene 
Air: Acetylene flow (Limin): 13.5 : 2.00 
Cone Volume 







Calibration type : Linear passing through zero 
Calibration occurence : Complete recalibration every 10 samples 
AS 
Element parameters for Mn 
Instrument: Varian SpectrAA 300/400 
Wavelength (nm) : 280.1 
Lamp current (mA): 10 
Background Correction : Continuim 
Replicates : minimum of 3 
Calibration 
Solution ID 
Standard Blank Blank 
Standard 1 1 
Standard 2 2 
Standard 3 3 
Standard 4 4 
Sample 
Matrix: SPM (JM HCI) 
Sediment (JM HCI) 
Technique: Flame AA with microcup 
Slit width (nm): 0.2 
Signal Measurement : Peak Height 
Flame : Air-Acetylene 
Air : Acetylene flow (Umin): 13.5 : 2.00 
Cone Volume 







Calibration type : Linear passing through zero 
Calibration occurence : Complete recalibration every I 0 samples 
A6 
Ap,pend:joc B -
iT race Metalli :C~encentra~tions, 
Sample Site Salinity SPM Ffi, Mnp NiP Zllp Nid ZD.J 
and CTD no. mg 1-1 mg g-1 J.lg g-1 J.lg g-1 j.lg g-1 J.lg 1-1 J.lg 1-1 
Survey: CH108A/93, Autumn/93. 
Humber Wash 
Hw1 ctd3 34.527 1.7 13.8 707 31.5 222 
Hw2 ctd4 34.500 1.7 5.9 480 8.6 163 
Hw3 ctd6 34.536 3.8 12.5 598 15.5 209 
Hw4 ctdS 34.564 1.9 10.3 644 15.6 282 
HwS ctd12 34.281 16.5 17.0 783 21.2 304 
Hw6 ctd7 34.395 2.8 10.2 448 16.1 192 
Hw7ctd8 34.386 6.1 13.1 595 20.0 189 
Hw8 ctd9 34.373 3.1 10.0 410 14.7 112 
Hw9 ctd13 32.108 37.7 13.9 689 21.1 236 
Hw10 ctd11 33.780 15.5 13.4 650 17.7 192 
Hw11 ctd10 34.099 4.8 11.4 552 18.0 154 
Hw12 ctd15 33.023 107.0 12.9 693 18.8 232 
Hwl3 ctd16 32.004 35.0 14.6 695 16.8 215 
Hw14 ctd17 33.398 16.3 14.3 615 13.8 206 
Hw15 ctd18 34.017 22.0 10.1 421 18.1 124 
Hw16 ctd19 33.614 35.4 12.8 638 8.3 208 
Hw17 ctd20 34.298 7.3 13.4 572 11.6 154 
Hw18 ctd21 34.477 2.3 19.9 693 11.2 234 
Hw3 ctd44 34.478 12.2 3.9 246 5.6 140 
HwS ctd45 30.331 207.8 9.8 569 16.2 247 
Hw7 ctd46 33.416 24.3 4.3 261 6.5 99 
Hwl3 ctd51 31.004 16.8 4.2 233 6.1 86 
Hw9 ctd52 32.980 69.3 5.7 330 8.2 128 
Coastal Track 
C3 ctd24 34.344 7.2 11.7 611 8.4 120 
C4 ctd25 34.419 12.6 14.0 591 16.8 154 
CS ctd26 34.412 2.9 12.6 786 14.4 169 
C6 ctd27 34.215 24.4 12.6 577 16.9 147 
C10 ctd28 34.093 30.6 12.7 547 16.1 136 
C11 ctd29 34.555 1.6 12.6 862 16.2 148 
C12 ctd30 34.013 9.4 17.2 534 15.4 174 
en ctd31 34.569 1.4 10.4 651 13.9 106 
C14 ctd32 34.122 9.9 16.5 480 13.1 146 
C15 ctd33 34.601 1.3 7.9 872 9.2 155 
C16 ctd34 34.289 5.6 12.3 626 14.1 184 
C17 ctd35 34.649 4.0 9.9 876 16.7 171 
C18 ctd36 34.125 4.5 13.0 636 11.9 233 
C19 ctd37 34.672 1.8 10.1 700 12.7 198 
C20 ctd38 34.356 3.8 9.8 498 18.4 143 
C26 ctd39 34.400 3.1 8.7 709 7.5 140 
C28 ctd40 34.457 1.4 5.5 571 5.7 101 
C29 ctd41 34.442 1.8 7.2 615 1.8 167 
C33 ctd43 34.610 1.6 0.7 105 2.0 26 
Hw -Humber Wash grid station; C- Coastal Track Station; AS- Anchor Station; ps- pumped supply. 
B1 
Sample Site Salinity SPM FeP Mnp NiP ZnP Nid ZD.c! 
and CTDno. mg J-1 mg g-1 llg g-1 llg g-1 llg g-1 llg J-1 llg J-1 
M2 ctd47 34.459 8.2 2.9 199 3.7 45 
M3 ctd49 34.410 5.1 1.7 146 2.2 39 
M1 ctd84 34.466 14.8 4.5 261 6.4 108 
Humber mth AS 
ctd53 27.804 107.4 17.4 875 29.1 172 
ctd55 27.405 97.3 14.8 737 21.6 146 
ctd57 29.307 82.0 19.0 1037 23.6 192 
ctd59 29.890 57.0 20.0 1030 22.0 188 
ctd61 30.836 152.1 16.1 902 21.0 167 
ctd62 30.950 240.3 15.6 847 20.7 151 
ctd64 31.096 221.9 17.6 913 21.5 162 
ctd66 31.139 123.8 15.9 872 22.3 161 
ctd68 31.310 81.6 16.3 862 23.9 168 
ctd70 31.125 70.9 18.2 965 23.1 205 
ctd72 30.864 52.1 20.0 978 24.9 198 
ctd75 28.616 60.6 19.6 1030 23.6 203 
ctd77 28.799 84.9 20.6 1051 26.3 227 
ctd79 26.847 61.0 14.9 980 25.8 196 
ctd81 28.454 70.5 18.5 1040 32.5 218 
Survey: CHI08C/93, Winter/93 
Humber Wash 
Hwl ctd1 31.660 71.7 17.6 872 26.3 393 1.36 3.46 
Hw2 ctd2 31.889 75.8 17.1 868 25.5 409 1.16 4.56 
Hw3 ctd3 33.948 13.5 17.4 835 22.2 319 0.29 1.60 
Hw7 ctd4 34.559 2.2 15.2 1034 24.4 291 0.56 2.36 
Hw9 ctd5 34.521 2.4 10.9 886 14.2 303 0.20 2.47 
Hwl2 ctd6 34.383 4.2 10.5 593 12.4 223 0.34 3.23 
Hw13 ctd7 33.207 45.1 12.4 706 13.5 253 
Hw14 ctd8 32.005 102.6 12.6 726 11.7 277 0.64 5.28 
Hw15 ctd9 32.539 26.9 17.9 838 24.5 368 
Hwl7 ctdlO 34.381 6.5 12.7 746 15.9 184 
Hw18 ctd11 34.137 8.8 13.6 686 15.4 147 
Hw21 ctd12 34.376 10.2 9.8 682 18.9 221 
Coastal Track 
Cl ctd13 34.425 3.6 10.4 790 15.0 194 
C4 ctd14 34.335 20.8 10.4 546 12.9 133 
Cll ctd16 33.634 16.7 16.6 556 15.0 218 
C12 ctd17 34.710 3.7 9.9 670 31.2 253 
C13 ctd18 32.692 13.3 14.5 498 15.7 243 
C19 ctd24 34.094 9.2 13.6 470 21.0 178 
Survey: CHI15C/94, Autumn/94 
Humber Wash 
Hw12 ctd36 34 037 8.9 13.2 782 11.0 120 
Hw14 ctd37 33.911 8.0 11.4 653 19.6 100 
Hw15 ctd38 34.342 2.8 6.2 383 10.5 54 
Hw- Humber Wash grid station; C- Coastal Track Station; AS- Anchor Station; ps- pumped supply. 
B2 
Sample Site Salinity SPM F~ Mllp Nip ZnP Nid z~ 
and CTD no. mg I-1 mg g-1 flg g-1 rg g-1 rg g-1 rg I-1 rg t-1 
Hw8 ctd39 34.394 3.1 6.8 397 13.5 46 
Hw6 ctd40 34.388 4.0 8.1 440 4.9 62 
Hw7 ctd66 34.206 6.1 11.0 728 14.3 100 
Hw7 ctd69 34.041 4.1 23.5 881 22.2 138 
HwlO ctd77 34.070 11.0 10.2 621 16.9 ll1 
Hwl3 ctd78 33.867 12.8 7.3 699 23.9 120 
Hw3 ps 7.4 3.6 607 26.0 176 
Hw1 ctd79 34.311 1.6 12.8 475 19.6 56 
Hw9 ctd81 33.192 57.4 5.7 877 21.4 139 
Hw2 ctd82 34.448 2.0 6.6 490 11.2 71 
Hw16 ctd111 34.003 8.0 6.7 702 13.9 97 
Hw17 ctdll2 34.104 7.7 6.6 26 21.2 59 
Coastal Track 
C2 ctd1 34.348 2.2 8.0 394 11.1 61 
C4 ctd2 34.317 5.5 9.0 645 15.5 ll6 
C6 ctd3 34.321 8.1 11.6 809 ll.O 70 
C8 ctd4 34.335 14.0 11.6 667 10.0 99 
C12 ctd5 34.199 3.3 12.9 776 9.7 87 
C14 ctd6 34.005 4.4 14.1 824 20.5 100 
C18 ctd7 34.373 3.9 10.2 673 12.4 59 
C20 ctd8 34.453 3.3 8.8 578 13.1 41 
C22 ctd9 34.425 6.0 9.1 792 14.3 40 
C26 ctd10 34.360 1.5 12.6 1299 22.9 122 
C4 ctd98 34.305 5.3 10.7 749 12.3 80 
Humber mth AS 
ctd11 31.653 56.7 14.8 805 16.4 160 0.98 2.40 
ctd12 31.106 119.1 17.5 985 24.6 194 1.67 3.39 
ctd13 30.540 443.0 13.2 795 22.0 173 1.92 3.60 
ctd14 29.025 548.7 14.6 857 17.0 191 2.20 4.31 
ctd15 27.960 784.6 15.6 923 27.0 191 2.36 6.90 
ctd16 28.147 516.9 14.6 894 27.6 199 2.46 5.86 
ctd17 28.985 870.9 16.6 985 23.6 228 2.52 5.16 
ctd18 31.603 247.9 13.0 740 16.9 167 1.41 3.46 
ctd19 33.031 62.8 17.8 956 26.1 227 1.13 11.09 
ctd21 34.331 7.1 9.3 566 4.7 104 0.96 1.25 
ctd22 33.912 9.4 13.3 749 15.6 156 0.53 1.41 
ctd23 31.681 26.6 18.2 914 22.5 226 1.82 3.46 
ctd24 31.978 64.3 19.4 1090 22.6 205 1.60 3.04 
ctd25 31.236 166.2 14.0 1484 17.4 167 1.81 37.35 
ctd27 28.559 701.7 15.6 913 24.4 184 
ctd32 33.819 50.4 19.0 1063 25.9 220 
Holderness AS 
ctd42 34.299 5.7 10.5 708 17.4 108 
ctd43 34.299 6.0 8.8 601 12.6 88 0.27 0.21 
ctd44 34.297 6.5 9.1 588 4.6 83 0.44 0.84 
ctd45 34.290 7.4 9.4 608 14.5 88 
Hw- Humber Wash grid station; C- Coastal Track Station; AS- Anchor Station; ps- pumped supply. 
B3 
Sample Site Salinity SPM FeP Mop NiP Zn., Nid Znd 
and CTD no. mg J-1 mg g-1 Jlg g-1 Jlg g-1 Jlg g-1 Jlg ]-1 Jlg ]-1 
ctd46 34.292 6.5 10.1 607 25.0 92 
ctd47 34.298 5.3 9.6 652 11.6 85 
ctd48 34.305 9.8 4.8 320 6.9 40 0.36 0.63 
ctd49 34.304 6.2 7.6 508 8.7 62 0.55 0.85 
ctd50 34.294 5.0 4.9 335 20.5 34 0.33 0.85 
ctd51 34.291 7.9 7.3 552 8.7 52 0.37 0.92 
ctd52 34.296 4.8 11.0 870 22.5 79 0.34 0.56 
ctd53 34.302 4.1 13.9 1142 17.1 97 0.26 0.92 
ctd54 34.304 5.0 10.2 834 20.1 64 
ctd55 34.304 3.4 13.7 1113 22.0 95 
ctd56 34.303 5.3 8.0 649 14.7 48 
ctd57 34.297 5.3 13.0 528 9.8 56 
Survey: CH117 A/95, Winter/95 
Humber Wash 
Hw4a ctd77 34.398 7.3 13.8 803 18.1 99 
Hw6a ctd78 34.414 10.7 12.1 665 17.9 86 
Hw8a ctd79 34.418 11.8 12.9 729 19.9 86 
Hw10 ctd80 34.131 10.5 13.4 747 22.7 85 
Hw13 ctd81 33.146 18.7 14.1 753 22.1 114 
Hw13 ctd82 32.101 16.1 14.6 726 29.5 120 
Hw12a ctd83 33.068 46.4 16.2 801 26.0 112 
Hw9 ctd84 31.682 83.6 16.1 772 26.0 105 
Hw7 ctd85 33.026 21.7 15.6 758 22.3 118 
Hw8a ctd86 34.404 10.2 11.4 663 16.6 89 
Hw6a ctd87 34.390 8.2 14.4 748 21.8 89 
Hw5a ctd88 33.870 22.8 16.2 808 22.4 98 
Hw5/18 ps 33.946 28.2 11.7 636 13.8 71 
Hw18 ps 34.236 54.7 10.0 427 15.6 46 
Hw17 ps 33.587 48.7 11.2 599 29.2 63 
Hw16 ps 33.606 42.4 11.4 643 11.4 55 
Hw14 ps 32.943 35.4 12.6 729 18.3 101 
Coastal Track 
Cl ctd58 34.370 10.8 15.0 719 16.5 84.1 
C2 ctd59 34.342 14.1 13.7 676 22.9 86.3 
C4 ctd60 34.290 43.5 15.4 581 20.5 66.6 
C6 ctd61 34.294 28.9 15.1 696 21.7 89.0 
CS ctd62 34.262 34.3 18.6 644 23.7 95.4 
CIO ctd63 34.237 23.3 17.4 629 24.7 94.7 
CI2 ctd64 34.103 6.6 17.1 611 26.6 105.3 
CI4 ctd65 34.281 9.0 15.2 527 25.3 71.3 
C16 ctd66 33.847 5.5 14.8 711 16.9 102.2 
CI8 ctd67 33.199 7.8 15.0 647 27.6 132.4 
C20 ctd68 34.206 5.0 14.4 690 16.1 78.3 
C23 ctd70 34.728 1.0 6.8 490 28.4 58.9 
C24 ctd71 34.362 4.2 9.2 642 28.9 57.7 
Hw- Humber Wash grid station; C- Coastal Track Station; AS- Anchor Station; ps- pumped supply. 
84 
Sample Site 



















































27.240 286.5 20.0 
25.976 239.8 20.7 
26.893 240.7 19.7 
27.496 96.4 19.0 
29.215 325.8 17.9 
30.414 176.1 16.9 
30.746 119.5 18.0 
31.211 92.3 18.8 
31.272 110.7 17.6 
30.574 78.4 18.0 
29.486 84.6 18.5 
28.810 290.4 17.6 
27.333 420.7 17.5 
26.309 381.1 17.9 




































ctd 108 34.270 25.0 
ctdl09 34.289 44.8 
ctdl10 34.257 40.0 
ctd Ill 33.372 52.3 
ctd 112 32.166 I 04.1 
ctdl13 31.350 88.8 
ctd114 31.116 76.0 





































































196 1.72 3.21 
173 1.75 3.60 
163 1.17 4.11 
170 1.33 2.57 
171 1.33 7.07 
380 0.52 1.93 
182 1.00 2.83 
193 1.17 2.57 
170 1.17 3.47 
173 1.20 3.86 
173 2.21 4.24 
































Hw- Humber Wash grid station; C- Coastal Track Station; AS- Anchor Station; ps- pumped supply. 
BS 
Sample Site Salinity SPM FeP ~ NiP Znp Nid Znd 
and CTD no. mg I-1 mgg-1 Jlg g-1 )lg g-1 )lg g-1 Jlg I-I Jlg I-I 
ctd116 32.970 77.6 15.9 718 24.3 94 
ctd117 33.972 47.8 14.3 637 19.0 76 
ctd118 34.300 29.5 15.4 711 24.8 75 
. ctd119 34.227 41.6 15.7 731 17.9 86 
ctd120 34.264 34.1 15.9 711 17.5 77 
Survey: CH118B/95, Spring/95b 
Humber Wash 
Hw5 ctdl 33.560 26.7 11.2 517 17.0 78 
Hw6ctd2 34.675 1.3 15.4 770 12.8 178 
Hw8 ctd3 34.542 1.7 8.5 442 13.3 89 
Hw7 ctd4 32.300 7.5 15.5 722 25.3 137 
Hw9 ctd5 32.226 81.0 16.5 838 26.1 103 
Hw10 ctd6 34.017 5.5 14.7 764 23.7 113 
Hw11 ctd7 34.305 2.1 12.2 639 19.5 169 
Hw12 ctd8 33.119 12.0 14.6 709 23.4 113 
Hwl3 ctd9 32.384 13.3 13.9 653 19.3 Ill 
Hw14 ctdlO 33.373 4.7 8.6 456 6.8 67 
Hw15 ctd11 34.433 1.3 12.5 834 18.5 200 
Hw16 ctd12 33.499 4.0 20.6 1235 23.6 219 
Hw17 ctd13 33.525 9.8 11.9 624 11.5 87 
Hw18 ctd14 33.831 28.8 11.3 584 13.9 88 
Hw15 ctd15 34.403 1.9 11.1 719 15.3 142 
Hw8 ctd16 34.574 1.5 8.1 418 13.6 59 
Hw6 ctd17 34.694 0.8 7.6 478 7.9 84 
Hw4 ctd18 34.707 0.8 6.5 415 4.9 94 
Hw2 ctd19 34.390 2.0 10.1 703 12.8 95 
Hw1 ctd20 34.277 10.6 12.9 739 11.1 133 
Hw3 ctd21 34.035 5.1 13.5 810 13.4 99 
Hw10 ctd80 33.860 4.9 12.9 723 11.2 95 
Coastal Track 
Cl ctd41 34.328 0.7 23.5 1442 6.6 220 
C2 ctd42 34.226 3.8 17.3 922 11.4 119 
C3 ctd43 34.218 10.9 10.9 599 12.0 76 
C4 ctd44 34.192 10.6 12.2 616 13.1 83 
CS ctd45 34.278 4.1 12.9 771 15.5 88 
C6 ctd46 34.139 12.9 12.5 555 11.4 82 
C7 ctd47 34.584 1.8 5.2 400 12.1 46 
C8 ctd48 34.081 3.8 14.7 704 15.9 103 
C9 ctd49 34.529 0.8 13.0 1039 13.1 94 
CIO ctdSO 33.947 4.0 13.2 644 23.8 87 
Cll ctd51 34.381 1.3 5.5 442 20.1 25 
Cl2 ctd52 33.956 4.4 13.8 611 15.8 106 
C13 ctd53 34.392 0.6 13.0 871 12.1 57 
C14 ctd54 33.734 5.3 14.5 605 14.3 100 
Cl5ctd55 34.449 1.7 3.0 274 14.1 17 
CJ6ctd56 33.945 3.7 15.9 784 19.1 129 
C17 ctd57 34.221 I. I 3.5 378 19.4 31 


















































































31.900 98.2 19.4 
31.316 193.4 19.1 
28.626 762.9 16.9 
27.447 860.1 19.3 
26.594 426.5 20.7 
29.830 251.8 21.7 
31.719 255.1 19.3 
33.581 68.3 12.7 
33.899 85.4 12.0 
34.237 33.3 12.2 
34.233 35.3 12.1 
33.819 38.2 12.1 
32.493 110.5 13.4 
31.994 181.6 14.4 
29.825 569.9 20.1 
28.006 793.0 17.6 
27.030 571.6 18.4 
27.612 240.6 21.8 








ctdl02 34.228 9.8 
ctdl03 34.232 10.0 
ctdl04 34.178 16.2 
ctdl05 33.744 42.2 
ctd 106 33.177 65.0 
ctdl07 32.830 87.0 















































































































Hw- Humber Wash grid station; C- Coastal Track Station; AS -Anchor Station; ps- pumped supply. 
B7 
Sample Site Salinity SPM FeP Milp NiP ZnP Nid Znd 
and CTD no. mg J-1 mg g-1 jlg g-1 llg g-1 jlg g-1 llg J-1 jlg J-1 
ctdl09 32.372 57.1 16.5 723 30.7 133 1.33 3.05 
ctdllO 32.609 45.7 22.2 992 34.2 129 
ctdlll 33.139 53.7 13.7 597 28.2 Ill 1.07 1.81 
ctdl12 33.713 41.3 17.0 785 22.1 103 
ctd113 34.224 12.5 14.5 685 18.8 98 0.40 0.37 
ctd114 34.236 9.0 14.6 688 18.5 85 0.28 0.31 
Humber wsh AS 
ctd115 32.473 5.5 11.4 528 10.8 76 
ctdll6 32.498 7.1 13.9 696 16.0 104 
ctdll7 32.554 6.7 14.3 681 20.4 107 
ctdl18 32.650 3.3 21.5 1067 39.8 186 
ctd119 32.823 3.9 12.4 663 16.6 109 
ctd120 33.020 8.9 12.8 697 17.9 106 
ctd121 33.104 7.0 13.1 678 16.8 113 
ctd122 33.063 5.3 11.8 636 14.9 97 
ctd123 32.880 4.7 11.1 581 22.1 88 
ctd124 32.481 6.7 12.6 690 29.3 108 
ctdl25 32.363 6.7 12.5 676 32.8 112 
ctdl26 32.420 5.1 13.1 692 28.7 115 
ctdl27 32.452 4.5 13.9 730 27.6 119 
ctdl28 32.613 5.0 12.5 666 38.2 134 
Survey: CH119C/95, Summer/95 
Humber Wash 
Hw5 ctd1 33.956 8.6 12.1 550 10.7 95 
Hw6 ctd2 34.257 4.0 2.4 154 3.1 42 
Hw7 ctd4 34.133 2.9 4.6 254 4.6 36 
Hw9 ctdl9 33.307 19.8 10.9 588 13.6 113 
Hw10 ctd20 33.876 11.9 10.1 566 12.0 105 
Hwll ctd21 34.203 3.0 2.2 230 13.6 16 
Hwl3 ctd22 33.702 4.8 16.0 269 8.9 33 
Hw12 ctd23 33.546 9.2 0.9 498 14.8 70 
Hw14 ctd24 33.795 4.9 2.0 157 2.3 20 
Hw15 ctd25 34.291 1.1 5.4 416 22.1 59 
Hw16 ctd26 33.783 2.8 13.9 685 10.3 86 
Hwl7 ctd27 33.953 1.0 44.6 450 12.7 107 
Hwl8 ctd28 34.509 4.8 1.5 551 10.2 87 
Hw8 ctd30 34.229 1.1 6.1 520 18.0 66 
Hw4 ctd31 34.192 0.5 5.2 676 17.0 150 
Hw3 ctd32 34.073 0.6 15.8 1007 19.2 87 
Hw1 ctd33 34.064 1.4 10.3 754 16.6 70 
Hw2 ctd34 34.187 0.7 3.9 563 7.2 86 
Hw6a ctdl04 34.174 1.9 2.1 55 ND 30 
Coastal Track 
C4 ctd35 34.063 2.6 13.0 136 15 80 
C5 ctd36 34.141 0.5 5.0 1174 15 26 
Hw- Humber Wash grid station; C- Coastal Track Station; AS- Anchor Station; ps- pumped supply. 
B8 
Sample Site Salinity SPM FeP Mnp NiP ZnP Nid Zll,i 
and CTD no. mg J-1 mgg-1 flg g-1 flg g-1 flg g-1 flg J-1 flg }-I 
C6 ctd37 34.118 2.7 5.7 25 8.9 53 
C7 ctd38 34.206 2.1 0.9 706 9.9 66 
CB ctd39 34.101 1.6 8.9 58 15.2 58 
C9 ctd40 34.503 0.1 6.2 361 6.5 158 
C10 ctd41 34.034 1.6 6.5 487 10.4 69 
C11 ctd42 34.332 1.4 0.9 134 10.3 ND 
C12 ctd43 33.887 1.5 8.5 739 15.4 55 
C13 ctd44 34.365 1.0 0.1 ND 12.1 ND 
C14 ctd45 33.975 1.3 4.2 336 9.7 13 
C15 ctd46 34.209 1.5 1.1 121 12.5 25 
C16 ctd47 34.006 1.7 5.1 346 13.3 66 
C17 ctd48 34.276 0.6 1.5 185 8.9 61 
C18 ctd49 34.025 0.7 14.3 835 25.1 174 
C19 ctd50 34.283 1.5 2.1 240 ND 25 
C20 ctd51 34.102 1.2 4.3 747 2.8 39 
C21 ctd52 34.383 1.4 1.6 199 3.1 26 
C22 ctd53 34.121 0.9 8.2 683 1.0 67 
C23 ctd54 34.352 0.5 1.5 364 6.2 78 
C24 ctd55 34.183 0.3 4.3 363 7.2 26 
C25 ctd56 34.210 0.2 ND 42 12.1 21 
C26 ctd57 34.213 0.7 0.6 97 6.2 16 
C27 ctd58 34.216 0.1 ND ND 13.6 ND 
C28 ctd59 34.218 0.2 ND ND 9.2 ND 
C29 ctd60 34.221 0.7 ND ND 2.6 ND 
C30 ctd61 34.224 0.2 1.9 ND 3.1 37 
N2 ctd77 34.227 0.3 12.3 914 6.5 189 
Humber mth AS 
ctd5 33.920 26.0 8.6 351 9.5 57 0.96 0.55 
ctd6 33.893 22.2 6.9 300 7.3 45 0.64 2.96 
ctd7 33.572 12.4 14.1 662 22.1 120 0.81 3.76 
ctd8 33.095 27.5 14.0 647 21.1 138 1.09 2.70 
ctd9 32.730 63.9 15.4 820 19.9 164 2.67 3.16 
ctd10 31.946 183.5 17.8 889 25.3 183 1.65 3.96 
ctd11 31.403 80.1 18.1 927 22.7 199 2.32 6.36 
ctd12 30.760 70.6 18.2 949 23.5 208 2.43 5.21 
ctd13 30.870 71.7 17.9 985 22.5 212 2.36 4.31 
ctd14 31.420 43.1 19.1 925 26.8 211 2.46 5.96 
ctd15 32.030 129.3 18.9 962 27.1 203 1.86 4.11 
ctd16 33.168 70.6 17.2 827 23.5 169 2.39 3.16 
ctd17 33.647 30.3 15.2 694 19.8 135 
ctd18 33.827 27.1 13.9 639 18.1 126 
Spurn Head AS 
ctd89 33.749 13.5 11.2 635 15.2 101 0.75 0.94 
ctd90 33.460 11.0 14.1 746 22.6 130 0.68 1.34 
Hw -Humber Wash grid station; C- Coaslal Track Station; AS- Anchor Siation; ps- pumped supply. 
B9 
Sample Site Salinity SPM FeP Mllp NiP Zllp Nid Zl\1 
and CTD no. mg J-1 mg g-1 flg g-1 fl8 g-l flg g-1 flg J-1 fl8 J-l 
ctd91 33.312 11.6 12.0 641 16.7 117 1.37 1.48 
ctd92 33.435 10.6 11.0 601 15.2 105 0.53 0.81 
ctd93 33.791 10.4 10.6 584 12.2 91 0.32 1.74 
ctd94 34.066 10.3 10.6 572 17.5 86 0.10 1.21 
ctd95 34.089 5.7 7.7 428 5.4 57 ND 0.27 
ctd96 34.083 4.6 6.4 364 4.3 47 ND 0.40 
ctd98 34.082 4.5 5.6 323 5.7 38 0.03 0.27 
ctd99 34.087 4.2 6.0 326 2.2 38 0.05 0.40 
ctd100 34.084 5.5 6.6 353 4.8 44 0.11 0.13 
ctd101 34.096 8.0 8.4 441 8.2 63 0.10 0.40 
ctd102 33.931 15.8 11.0 573 13.8 90 
ctd103 33.640 13.4 11.4 583 11.8 96 
Hw- Humber Wash grid station; C- Coastal Track Station; AS- Anchor Station; ps- pumped supply. 
B10 
Ap.pend:i~ C ,_ 
SVT Trace~ Metai)I,C,en~en~tra;tions 
- - -- ~--~~~--"---
SVT Time SPM Ft;, Mnp NiP Zllp 
(min) (mg J-1) (mg g-1) (J.lg g-1) (J.lg g-1) (J.lg g-1) 
Autumn/94 
Holdemess Flood 5 43 7.6 406 21.6 55.7 
20 24 8.4 442 26.6 65.3 
80 17 8.5 470 28.9 82.5 
280 20 3.2 163 19.3 30.4 
>280 35 1.5 68 12.8 6.7 
Ho1demess Ebb 5 29 10.4 549 34.7 276 
20 27 5.8 327 25.8 148 
80 11 11.4 624 44.9 638 
280 6 11.4 500 40.6 474 
>280 17 5.1 258 31.2 164 
Humber Mouth Flood 5 78 17.0 874 12.4 138 
20 47 17.7 951 23.8 168 
80 57 10.4 557 11.6 91.8 
280 19 17.2 786 30.6 257 
>280 40 10.7 485 16.7 135 
Winter/95 
Humber Mouth Flood 5 462 17.1 702 17.2 201 
20 330 24.1 937 35.0 265 
80 417 22.1 917 25.0 224 
280 133 24.1 932 42.5 284 
>280 80 22.4 830 33.2 234 
Humber Mouth Ebb 5 527 16.7 690 31.2 161 
20 508 17.7 723 52.1 162 
80 441 20.6 850 38.7 203 
280 150 24.8 946 42.1 246 
>280 67 24.0 848 29.9 246 
Spring/95b 
Humber Mouth Flood 5 163 15.8 255 19.5 105 
20 155 18.2 572 18.0 137 
80 142 20.3 919 21.0 225 
280 75 17.4 335 20.3 104 
>280 33 16.3 165 26.2 81.0 
Humber Mouth Ebb 5 319 10.3 396 11.7 99 
20 Ill 16.2 696 16.4 160 
80 90 14.8 230 11.7 86 
280 54 16.4 398 10.0 117 
>280 43 16.8 508 25.8 148 
Cl 
SVT Time SPM F!1> Mnp NiP ZnP 
(min) (mg I-1) (mg g-1) (J.Lg g-1) (J.Lg g-1) (J.Lg g-1) 
Summer/95 
Humber Mouth Flood 5 63 17.7 1035 18.3 235 
20 67 18.1 1067 18.9 217 
80 71 18.7 1063 20.5 244 
280 48 18.0 1064 20.4 227 
>280 34 17.3 1012 18.0 260 
Humber Mouth Ebb 5 48 15.8 923 19.3 175 
20 43 17.3 1010 13.1 203 
80 43 17.2 1030 23.5 245 
280 38 16.8 925 16.4 220 
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